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Abstract

The goal of filtering theory is to compute the filter distribution, that is, the conditional
distribution of a stochastic model given observed data. While exact computations are
rarely possible, sequential Monte Carlo algorithms known as particle filters have been
successfully applied to approximate the filter distribution, providing estimates whose
error is uniform in time. However, the number of Monte Carlo samples needed to
approximate the filter distribution is typically exponential in the number of degrees
of freedom of the model. This issue, known as curse of dimensionality, has rendered
sequential Monte Carlo algorithms largely useless in high-dimensional applications
such as multi-target tracking, weather prediction, and oceanography. While over the
past twenty years many heuristics have been suggested to run particle filters in high
dimension, no principled approach has ever been proposed to address the core of the
problem.

In this thesis we develop a novel framework to investigate high-dimensional filter-
ing models and to design algorithms that can avoid the curse of dimensionality. Using
concepts and tools from statistical mechanics, we show that the decay of correlations
property of high-dimensional models can be exploited by implementing localization
procedures on ordinary particle filters that can lead to estimates whose approximation
error is uniform both in time and in the model dimension.

Ergodic and spatial mixing properties of conditional distributions play a crucial
role in the design of filtering algorithms, and they are of independent interest in
probability theory. To better capture ergodicity quantitatively, we develop new com-
parison theorems to establish dimension-free bounds on high-dimensional probability
measures in terms of their local conditional distributions. At a qualitative level, we
investigate previously unknown phenomena that can only arise from conditioning in
infinite dimension. In particular, we exhibit the first known example of a model where
ergodicity of the filter undergoes a phase transition in the signal-to-noise ratio.
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Chapter 1

Introduction

1.1 Nonlinear filtering and particle filters

A fundamental problem in a broad range of applications is the combination of ob-
served data and dynamical models. Particularly in highly complex systems with
partial observations, the effective extraction and utilization of the information con-
tained in observed data can only be accomplished by exploiting the availability of
accurate predictive models of the underlying dynamical phenomena of interest. Such
problems arise in applications that range from classical tracking problems in naviga-
tion and robotics to extremely large-scale problems such as weather forecasting. In
the latter setting, and in other complex applications in the geophysical, atmospheric
and ocean sciences, incorporating observed data into dynamical models is called data
assimilation.

From a statistical perspective, it is in principle simple to formulate the optimal
solution to the data assimilation problem. We model the dynamical process that is not
directly observable as a time-homogeneous Markov chain (X,,),>o on a measurable
space (E, &), with P(X,, € dz|X,-1 = z) = p(x, 2)Y(dz), for a certain transition
density p and reference measure ¢». We model the noisy observations (Y;,),>0 as a
collection of random variables on a measurable space (F,J) that are conditionally
independent given (X,,),>0, with P(Y,, € dz|X,, = z) = g(z, 2)¢(dz), for a certain
observation density g and reference measure ¢. The joint process (X, Y, )n>0 that
takes values in (E x F,& ® F) is called hidden Markov model, and its dependency
structure is illustrated in Figure 1.1.

5 Xkt ———

Figure 1.1: Dependency graph of a hidden Markov model.
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In many applications one is interested in estimating the hidden state X, based
on the observation history Yi,...,Y, to date, and to compute E(f(X,)|Y1,...,Y,)
for a certain function f, or for a certain class of functions. For instance, we might
be interested in tracking the position of a boat given the noisy measurements coming
from a radar, and we might want to know how accurate our estimates are. Or we
might be interested in evaluating the temperature field of the weather over a certain
geographical location given the noisy measurements coming from weather stations,
together with the uncertainty in our estimates. More generally, one is often interested
in computing the conditional mean and variance of the underlying process given the
observations history.

However, in almost all cases the conditional estimates for individual functions do
not form a closed system of equations, and one has to compute the nonlinear filter
distribution

o =P(X, € -|Y1,...,Y,).

If the filter 7, can be computed, it yields an optimal (in the least mean square
sense) estimate of X, given the observations up to time n, as well as a complete
representation of the uncertainty in this estimate.

An important property of the filter is its recursive structure: 7, depends only on
mn—1 and the new observation Y,,. In fact, it is easily verified using the Bayes formula
(cf. Section 3.3) that m, can be computed recursively in two steps, the so-called
prediction and correction step:

prediction correction

1 ——— Pmy_y —— m, = C,Pm,_1,

where P and C,, are, respectively, the prediction and correction operators that are
defined as

(Po) = / plda) plz, ') p(da’) F(&),

[ pdx) g(2,Yy) f(x)
Conf = ) g )

for any probability measure p on (E, &) and any measurable bounded function f.
When applied to the measure 7,1, P uses the dynamics of the underlying Markov
chain to “predict” X,, given the observation history Y7, ..., Y, _1, namely,

Pry1=P(X, € - |V1,...,Y, 1)

Then, C,, “corrects” the predictive measure using the observation at time n, that is,
it weights the measure Pm,_; by the likelihood function x — g(x,Y,).

The recursive nature of the filter plays a crucial role in practice, as it allows
the computations to be implemented on-line over a long time horizon. In practice,
however, the optimal filter is almost never directly computable: it requires the prop-
agation of an entire conditional distribution, which generally does not admit any
efficiently computable sufficient statistics.

2



The practical implementation of nonlinear filtering was therefore long considered
to be intractable until the discovery of a class of surprisingly efficient sequential Monte
Carlo algorithms, known as particle filters, for approximating the filter. The simplest
and most famous such algorithm is the sequential importance resampling (SIR) par-
ticle filter introduced by Gordon, Salmond and Smith in 1993 [2&]. This algorithm
simply inserts a random sampling step into the Bayes recursion and approximates the
filter 7, by the resulting empirical measure 7,. That is,

prediction sampling correction

fipoy — Pr,_y ———— SVPA,y ——— 7, = C.SVPA,_,

where SV is the sampling operator that replaces whatever measure it is applied to
with its empirical measure with N independent Monte Carlo samples or particles,
namely,

N
1
SNp = N Z dX (i) X(1),..., X(N) are i.i.d. samples with distribution p,
i=1

where ¢, denotes the Dirac measure with mass located at z. It is not difficult to show
that this gives rise to a standard Monte Carlo error (cf. Section 3.3.1)
C
sup E’ﬂ—nf _ﬁ-nf‘ S e

fl<1 VN’

which converges to zero in the limit for N that goes to infinity.

1.2 Filter stability

It turns out that in order to properly understand how the Monte Carlo approximation
of the filter recursion behaves, we need to understand the behavior of the filter distri-
bution itself. In fact, as shown in Section 3.3.1, a simple analysis that focuses on the
filter recursion m, = C,Pm,_; alone would yield that the constant C' in the previous
bound growths exponentially with time n, which is what we would expect at first
as the SIR particle filter adds an approximation step (represented by the sampling
operator SV) to each iteration of Bayes formula. If the quality of the estimate given
by particle filters were really to deteriorate with time, then particle filters would be
totally useless in most practical applications, where one is interested in obtaining re-
liable estimates at any time. However, a deeper analysis that takes also into account
also the probabilistic structure of the filter distribution 7, yields that the constant
C in the previous bound does not depend on time, so that particle filters can indeed
function in an on-line fashion.

Del Moral and Guionnet in 2001 [15] were the first to realize that the so-called
stability property of nonlinear filters can be use as a dissipation mechanism for the
approximation error of the SIR particle filter. Roughly speaking, filter stability says
that the filter forgets its initial condition as times goes on, something like

P(X, € - |XoY1,...,.Y) = P(X, € -|V1,...,Y,) for n large enough.
3



This property represents a weak form of conditional independence in time: as
n increases, X, becomes “close” to be conditionally independent of X, given the
observation history Yi,...,Y, (different notions of “closeness” are considered in this
thesis, cf. Chapter 3 and Chapter 7).

From a practical perspective, the fact that the filter is insensitive to the knowledge
of the initial condition can be exploited to prove that approximation errors committed
by particle filters at each time step do not accumulate over time. It turns out that
the sampling step introduced at each iteration of Bayes formula is precisely the key
mechanism that allows particle filters to exploit filter stability and to yield time-
uniform error bounds.

As the error they commit is uniform in time, particle filters have proved to perform
extraordinarily well in many classical applications such as target tracking, speech
recognition, and finance [3].

1.3 Curse of dimensionality

Despite their widespread success, particle filters have nonetheless proved to be essen-
tially useless in truly complex data assimilation problems. The reason for this, long
known to practitioners, has only recently been subjected to mathematical analysis in
the work of Bickel et al. [1, 17]. Roughly speaking, the constant C' in the above bound,
while independent of time n, must typically be exponential in the number of degrees
of freedom of the model. This curse of dimensionality does not affect most classical
tracking problems, where the dimension of the state space F x F' where the model
(Xn, Yn)n>o lives is typically of order unity. If we want to track the location of a boat,
for instance, then we can take F = R? (analogously, F' = R?), which we interpret
as a two dimensional space (as the motion of the boat has two degrees of freedom).
On the other hand, the curse of dimensionality becomes absolutely prohibitive in
large-scale data assimilation problems such as weather forecasting and oceanography,
where model dimensions of order 107 are routinely encountered [1].

The curse of dimensionality of particle filters is a consequence of the general fact
that in high dimension probability measures tend to be singular, that is, they tend
to put mass on different portions of the space. The problem appears even in a single
iteration of the SIR algorithm, and it is due to the correction step performed by
the operator C,: in high dimension, typical samples coming from a measure p have
small likelihood under the measure C,p, as illustrated in Figure 1.2. Hence, in high
dimension already the empirical measure 7; has a small fraction of particles that
meaningfully approximate the filter distribution m; (cf. Section 3.3.3).

While this phenomenon is now fairly well understood, there exists no rigorous
approach to date for alleviating this problem [3, 60]. Practical data assimilation in
high-dimensional models is therefore generally performed by means of ad-hoc algo-
rithms, frequently based on (questionable) Gaussian approximations, that possess
limited theoretical justification [341, 37, 1].

4
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Figure 1.2: Illustration of the curse of dimensionality in a typical iteration of the
SIR particle filter. (a) Probability measures in low dimension. (b) Probability
measures in high dimension (low-dimensional representation). Each sample X from
p is represented by a blue ball whose size is proportional to the likelihood g(X,Y,,).
In high dimension p and C,p tend to put mass on different portions of the space.
For this reason, in high dimension only a small fraction of the samples coming from
p has a relevant likelihood with respect to the observation Y.

1.4 Fundamental obstacle in high dimension?

One of the main contribution of this thesis is to show that there is no fundamental
obstacle to particle filtering in high dimension. We propose the first algorithm that
can avoid the curse of dimensionality, and we develop a general framework that en-
compasses a novel philosophy behind filtering in high dimension. From a practical
point of view, the framework that we propose provides a principled approach to de-
sign new algorithms for high-dimensional applications, where the current state of the
art relies exclusively on heuristics. From a theoretical point of view, it the first time
that ideas and tools from statistical mechanics are shown to play a fundamental role
in the analysis of filtering models.

Before discussing the key elements that constitute our framework, we present an
example that illustrates how it is possible to overcome the curse of dimensionality in
a trivial setting. This example sets the direction to follow for the development of our
theory.

Let V' = {1,...,d} be a finite index set, and for each v € V let (X?,Y."),>0
be a hidden Markov model of the type being considered so far, which takes values
in a measurable space (EY x FY €Y @ F¥). Assume that the chains forming this
collection are independent, and consider the hidden Markov model (X,,,Y},),>0 with
Xp = (XY)ev and Y, = (V") yey. This dependency structure is illustrated in Figure
1.3.
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Figure 1.3: Dependency graph of a (trivial) high-dimensional filtering model.

This model clearly defines a (trivial) high-dimensional model, where the dimension
is d, the number of independent chains being considered. From the theory of Bickel
et al. [1, 17] we know that the SIR particle filter fails miserably when applied to this
model, requiring a number of particles N that is exponential in d. However, in this
case one can surmount this problem in a trivial fashion: as each of the coordinates of
the high-dimensional model is independent, one can simply run an independent SIR
filter in each coordinate. It is evident that the local error of this algorithm (that is, the
error of the marginal of the filter in each coordinate) is, by construction, independent
of the model dimension d. In this sense, this trivial model shows that it is indeed
possible to filter very efficiently regardless of the ambient dimension (though not with
the SIR particle filter, which fails spectacularly).

In the literature there is the widespread belief that filtering in high dimension is
possible only if the high-dimensional model being considered lives in a low-dimensional
manifold (see [10] for instance). The trivial example that we just considered, however,
clearly contradicts this idea, as there is no low-dimensional structure: as the chains
are independent, the global dimension is the full model dimension d. The reason
why we can deal efficiently with this high-dimensional system is the fact that the
model is locally low-dimensional (the local dimension being 1, as each coordinate is
completely independent from the others), and the fact that we are interested in local
errors (marginals of the filtering distribution on spatial regions of a fixed size), as
opposed to the global measure of error usually considered in the literature for this
type of problems.

1.5 Decay of correlations and localization

While the trivial model previously introduced does not have any practical relevance,
we would like to extend the main ideas that guided our discussion in that case to

6



nontrivial models that are of genuine practical interest. Several fundamental questions
arise immediately.

1. What sort of filtering models are natural to investigate in high dimension?
2. What sort of mechanism might allow to surmount the curse of dimensionality?
3. How can such a mechanism be exploited algorithmically?

We aim to address each of these questions in this thesis. Presently we provide an
informal discussion that is instrumental to describe the main contribution of our work.

1. What filtering models are natural to investigate in high dimension?
The local algorithm proposed to analyze the trivial model above (i.e., running the SIR
particle filter to each chain separately) was made possible because the components
of that model are truly independent. When this is not the case, we cannot run
independent particle filters in each dimension as all the dimensions are coupled by
the dynamics of the model. We must therefore introduce a general class of nontrivial
models in which the above intuition can nonetheless be implemented.

In most data assimilation problems, the high-dimensional nature of the model is
essentially due to its spatial structure: the aim of the problem is to track the dynamics
of a random field (for example, the atmospheric pressure and temperature fields in the
case of weather forecasting). We therefore take as a starting point the notion that the
coordinates X", Y (v € V') of our hidden Markov model are indexed by a large graph
G = (V, E) that represents the spatial degrees of freedom of the model. That is, we
consider the case (E,&) = (X ., £, Qv €7) and (F,F) = (X, o, I, Qe F9).
It is of course not reasonable to expect that the dynamics at each spatial location is
independent, as was assumed in the trivial model previously discussed. On the other
hand, dynamics of spatial systems is typically local in nature: the dynamics at a
spatial location depends only on the states at locations in a neighborhood. Moreover,
the observations are typically local in the sense that (a subset of) spatial locations
are observed independently. The dependency structure of this type of models is
illustrated in Figure 1.4.

These local filtering models are prototypical of a broad range of high-dimensional
filtering problems, and they provide the basic framework for our main result. They
arise naturally in numerous complex and large-scale applications, including percola-
tion models of disease spread or forest fires, freeway traffic flow models, probabilistic
models on networks and large-scale queueing systems, and various biological, ecolog-
ical and neural models. Moreover, local Markov processes of this type arise naturally
from finite-difference approximation of stochastic partial differential equations, and
are therefore in principle applicable to a diverse set of data assimilation problems
that arise in areas such as weather forecasting, oceanography, and geophysics (cf.
Section 4.4.4).

2. What mechanism can allow to surmount the curse of dimensionality?
While the law of the model at each spatial location is no longer independent as in the
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Figure 1.4: Dependency graph of a high-dimensional filtering model of the type
considered in this thesis.

trivial model of the previous section, large-scale interacting systems can nonetheless
exhibit an approximate version of this property: this is the decay of correlations
phenomenon that has been particularly well studied in statistical mechanics (see,
e.g., [27]). Informally speaking, while the states (X", Y?) and (XY, Y.") at two sites
v,w € V are probably quite strongly correlated when v and w are close together, one
might expect that (X7, V") and (X, Y") are nearly independent when v and w are
far apart as measured with respect to the natural distance d in the graph G (that is,
d(v,w) is the length of the shortest path in G between v,w € V). The idea is that
due to the decay of correlations, also this type of model is locally low-dimensional,
in the sense that the conditional distribution of each coordinate only needs to be
updated by observations in a neighborhood whose size is independent of the ambient
dimension. That is,

P(X; e |V1,....Y) =~P(X) € -|Y",..., Y.  d(v,w) <b),

for b large enough. Roughly speaking, the “local dimension” of the model is the
number of coordinates in a ball whose radius is the correlation length of the filtering
distribution.

3. How can such a mechanism be exploited algorithmically?

Both filter stability and decay of correlations are probabilistic properties of the filter
distribution itself: filter stability represents a weak form of conditional independence
in time, and the decay of correlations property represents a weak form of conditional
independence in space (model dimension). As already mentioned, the sampling step
added to the original filter recursion is the key to exploit algorithmically filter stability
and get particle filters that yield time-uniform error bounds. One of the main goal of
this thesis is to show that proper forms of localization of the filter recursion can be
used to exploit algorithmically the decay of correlations property and to design local
particle filters that yield error bounds that are uniform both in time and in space.
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As mentioned above, the curse of dimensionality of particle filters is essentially due
to the fact that probability measures tend to be singular in high dimension. However,
while this is definitely what happens if we consider a high-dimensional model as a
whole, if the decay of correlations property holds then it should be possible to localize
the model and work with local low-dimensional portions of it. As the problem comes
from the correction step of the filter recursion, what really matters is the dimension
of the observations (cf. Section 3.3.2), and it makes sense to introduce a localization
step immediately before the operator C,, so that the model can behave as “local” for
the sake of likelihood-reweighting.

A speculative back-of-the-envelope computation explains how this might work.
Due to the decay of correlations, the conditional distribution of the site X! given
the new observation Y;, should not depend significantly on observations Y, at sites
w distant from v. Suppose we can develop a local particle filtering algorithm that
at each site v only uses observations in a local neighborhood K of v to update the
filtering distribution. As we have now restricted to observations in K, the sampling
error (the variance) at each site will be exponential only in card K rather than in the
full dimension card V. On the other hand, the truncation to observations in K is only
approximate: the decay of correlations property suggests that the bias introduced by
this truncation should decay exponentially in diam K. Therefore,

ecard K

TN
If the size of the neighborhoods K is chosen so as to optimize the error, then the
resulting algorithm is evidently consistent (with a slower convergence rate than the
standard 1/v/N Monte Carlo rate: this is likely unavoidable in high dimension) with
an error bound that is independent of the model dimension card V.

So, the general idea of local particle filters is that one should introduce a spatial
regularization step into the filtering recursion that enables local sampling. While
these regularizations introduce some bias to ordinary particle filters, they largely
reduce their variance, and it is exactly the bias-variance tradeoff that emerges that
can be used to overcome the curse of dimensionality.

In this thesis we develop two localization procedures that aim at implementing
this idea.

diam K +

error = bias -+ variance ~ e~

1. Using independence: block particle filter
The most natural way to localize the filter recursion is to marginalize it. In this thesis
we analyze the block particle filter that we define iteratively as:

prediction sampling N
Tn—1 —_— P7Tn_1 e S P7Tn_1
blocking correction

-~ BSYP#,, — #,:=C,BSVP#, .,

where B is an operator that projects a measure to the product of its marginals over
a certain partition X of “blocks” of the index set V, that is,

Bp = ® BXp,

KeX
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where for any measure p on (E,&) and J C V we denote by B/p the marginal of p
on (X,c; B Qes €Y

This algorithm captures the main intuition that motivated our discussion on local
algorithms: choosing X = (J, {v}, in fact, the block particle filter reduces to apply-
ing the SIR particle filter independently to each of the components constituting the
model (which, of course, introduces a bias unless the components are independent).

In Chapter 4 we show that this local particle filter surmounts the key obstacle in
high dimension by providing local estimates that are uniform in time and that do
not depend on the ambient dimension.

2. Using conditional independence: localized Gibbs sampler particle filter
The block particle filter possesses some inherent limitations as it can only provide
spatially inhomogeneous approximations of the filter distribution. In fact, at each
iteration the algorithm projects the approximated filter measure into the product of
its marginals over a given (fixed) partition of the environment space.

In order to address this deficiency at a fundamental level, we consider a regular-
ization that aims at projecting probability measures to the class of Markov random
fields (of a certain interaction neighborhood), instead of projecting them to the class
of distributions that are independent across subsets of coordinates, as in the block
particle filter. This is precisely the idea that animates the localized Gibbs sampler
particle filter. Heuristically, this algorithm can be described as follows

prediction projection
Fol ——  Piay . MP#,,
correction sampling

— CMP#,.;, ——— #,:=S"C,MP#, 4,

where M is an operator that projects a measure to the class of Markov random fields
of order b, that is,

(Mp) (X" e A|XV\{v} — mv\{v}) = p(X¥ e A‘XNb(v)\{U} — wa(v)\{v})

for every v € V, where N,(v) := {v/ € V : d(v,v") < b}.

As shown in Chapter 5, by sampling locally in each dimension rather than globally
over all dimensions, the localized Gibbs sampler particle filter implements a sort of
“resampling in space.” In this sense, the mechanism through which this algorithm
exploits the decay of correlations property to provide spatially-uniform error bounds
resembles the analogous mechanism that allows the SIR particle filter to exploit filter
stability and provide time-uniform error bounds.

While a complete analysis of this algorithm is still missing, we prove a one-step
error bound for the bias term that illustrates the way this algorithm can provide
spatially-uniform error bounds.

1.6 Comparison theorems for Gibbs measures

At this point it is not at all clear what sort of mathematical tools are needed to make
the speculative ideas discussed so far precise. In fact, the rigorous implementation
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of these ideas requires the introduction of a mathematical machinery that has not
previously been applied in the study of nonlinear filtering.

As the trivial example previously introduced illustrates, in order to describe effec-
tively filtering problems in high dimension it is necessary to perform a local analysis:
we want to look at a local measure of the error, and we want to be able to perform
the analysis using local quantities of the model. As any approximation of practical
utility in high dimension must yield error bounds that do not grow, or at least grow
sufficiently slowly, in the model dimension card V', we seek for quantitative meth-
ods that allow to establish dimension-free bounds on high-dimensional probability
distributions.

A general method to address precisely this problem is the Dobrushin comparison
theorem that was developed by Dobrushin in the context of statistical mechanics
[18, Theorem 3]. In the approach pioneered by Dobrushin, Lanford, and Ruelle, a
high-dimensional (possibly infinite) system of interacting random variables is defined
by its local description: for finite sets of sites J C V, the conditional distribution
p(X7 € - | XY\ = zV\) of the configuration in J is specified given that the variables
outside J are frozen in a fixed configuration zV\ (we write 2% = (2%)cx for K C V).
The model p is then defined as a probability measure (called a Gibbs measure) that
is compatible with the given system of local conditional distributions.

The Dobrushin comparison theorem is a tool to bound the total variation difference
between marginals of Gibbs measures in terms of their local conditional distributions.
This tool is what allow us to characterize the crucial way in which the decay of
correlations property enters the local analysis of particle filters in our framework.

Despite being a powerful tool, the Dobrushin comparison theorem requires the
validity of restrictive assumptions, and for most models this fact poses a major
limitation on the applicability of the theorem.

One of the contribution of this thesis is to develop a more general and flexible
machinery that allows us to get more powerful results. By relying on the Dobrushin-
Shlosman [17] and Weitz [64] conditions for uniqueness of Gibbs measures, instead
of the Dobrushin condition employed by the original comparison theorem, the new
comparison theorems that we develop in Chapter 6 provide more flexible tools to
analyze the behavior of algorithms in larger regions of the natural parameter space,
and are of independent interest in statistical mechanics for the analysis of Gibbs
measures.

The novel toolbox is used to extend qualitatively the analysis of the block particle
filter that we initially obtain using the original Dobrushin comparison theorem.

In order to prove the new comparison theorems we develop a methodology that
exploits the connection with a certain type of Markov chains called Gibbs samplers.
The general framework behind our proofs represents a novel contribution in the con-
nection between static Gibbs measures and dynamical Gibbs samplers.
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1.7 Filtering in infinite dimension

Alongside with the quantitative investigation of Gibbs measures and its connection
to filtering algorithms in high dimension, this thesis also deals with the qualitative
understating of conditional ergodicity of Gibbs measures and its connection to the
theory of filtering in infinite dimension.

As previously discussed, both filter stability and decay of correlations are proba-
bilistic properties of the filter distribution that play a crucial role in the development
of particle filters. At first sight, both properties might also seem natural. If we take
filter stability, for instance, it is often the case that the underlying chain (X,),>0
itself is stable, namely,

P(X, € -|Xo)=P(X, € ) for n large enough,

and it seems highly likely that if this is the case then also the filter should forget
its initial condition. Moreover, it seems natural that as time n increases the ini-
tial knowledge of X is superseded by the information contained in the observations
Yy, ..., Y,, so that eventually X, does not affect the filter. However, neither of these
two intuitions is always true.

Understanding the general assumptions that guarantee the inheritance of stability
from the underlying chain to the filter distribution has been a longstanding problem
dating back to the work of Blackwell in 1957 [5] and Kunita in 1971 [33], and it
is related to many areas of probability theory, far beyond the algorithmic setting
considered in this thesis [63, 59].

A general qualitative theory that exhaustively characterizes this phenomenon has
recently been developed by van Handel in 2009 [57], where it is shown that if the
Markov chain (X,,, Y, ),>0 is stable (in a certain total variation sense), and if a mild
non-degeneracy condition holds for density of the law of Y} given X for each £ > 0
(essentially requiring the presence of some noise in the observations), then the filter
P(X, € -|Y1,...,Y,) is also stable. This result represents a milestone in the theory
of nonlinear filtering, settling a long dispute in the field.

However, while this result holds in a very general setting and there is no explicit
mention of dimensionality, in practice it can only be applied to finite-dimensional
systems. In fact, on the one hand, if the underlying signal (X,),>0 has an infinite-
dimensional state space, then the ergodicity assumption in total variation can not
be satisfied; on the other hand, if the observations (Y;,),>¢ are infinite-dimensional,
then the non-degeneracy condition can not hold. In [52] it has been shown that
the infinite dimensionality of the underlying signal is not a fundamental issue, and
that the main filter ergodicity result in [57] still holds true, either upon working
with a local notion of convergence in total variation, or upon doing the analysis in
weak convergence, which embodies a form of locality in itself. However, this later
development still requires the same global non-degeneracy assumption as in [57],
which essentially restricts the scope of the theory to finite-dimensional observations.

One of the contribution of this thesis is to develop the first results in filtering
with infinitely many observations, and to show that in this setting completely new
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phenomena can appear. For instance, in Chapter 7 we show that we can have a
completely ergodic infinite-dimensional model (X,Y’), where the underlying system
X is a collection of independent random variables and the structure of the observation
Y is local, and still it is possible for the conditional distribution P(X € -|Y) to
display a phase transition in the signal-to-noise ratio (see Theorem 7.7 and Example
7.17). That is, as we condition on the observations there is a threshold showing up
such that if the signal-to-noise ratio is below it, then the conditional distribution is
unique; else, the conditional distribution is not unique. This example shows that while
the ergodicity of the underlying process can be localized so to recover the powerful
general result as in [57], localizing the non-degeneracy in the conditional law of the
observations does not help.

Far from being a theoretical point, the understanding of filtering theory in infinite
dimension is crucial for the development of particle filters that can work in practical
applications. In fact, it is well know that the qualitative understanding of infinite-
dimensional models is directly related to the quantitative understanding of finite-
dimensional models (see [50] and [39] for instance).

1.8 Outline of the thesis

This thesis consists of 7 chapters and 4 appendices.

Chapter 1 is the introduction.

Chapter 2 contains a collection of results that are used repeatedly throughout this
thesis. As a large portion of this thesis deals with controlling the distance between
conditional distributions in high dimension, we present a few elementary lemmas that
serve this purpose, along with the main tool that is used in our proofs—the Dobrushin
comparison theorem from statistical mechanics. We also give a brief overview of
Monte Carlo methods, as they are needed to describe the algorithms presented in
the next chapters. The goal of this chapter is to provide the necessary tools that are
needed in the remaining of this thesis, along with establishing the notation that is
used throughout.

Chapter 3 provides an introduction to the classical theory of nonlinear filtering
and sequential Monte Carlo algorithms known as particle filters. Particle filters are
discussed in the light of the curse of dimensionality phenomenon. First, the sequential
importance sampling (SIS) algorithm is introduced, and it is showed how it suffers
from the curse of dimensionality with respect to time. This issue motivates the
introduction of the sequential importance resampling (SIR) algorithm, for which time-
uniform error bounds can be proved. The notion of filter stability plays a central role
in establishing bounds that do not depend on time. Nonetheless, it is showed that
both algorithms still suffer from the curse of dimensionality with respect to the spatial
dimension of the model. This discussion paves the way for the introduction of local
particle filters that is developed in the next two chapters. The treatment of the
material presented in this chapter is inspired by [55] and [5].

Chapter 4 introduces the block particle filter and shows how this algorithm over-
comes the curse of dimensionality by yielding errors bounds that are uniform both
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in time and in space. More generally, this chapter introduces the class of high-
dimensional filtering models that we consider in this thesis, and it illustrates how
the Dobrushin comparison theorem can be used to perform a local analysis in these
models. Emphasis is given to the decay of correlations property, which is seen to
be the key to establish spatially-uniform error bounds, thus representing the spa-
tial counterpart of filter stability. It is showed how decay of correlations can be
exploited algorithmically by introducing a regularization step (marginalization over
non-overlapping blocks) to the basic formulation of the SIR algorithm. The analysis
of the block particle filter is instrumental to developing a general framework that
can encompass other algorithms (that is, other forms of regularization), such as the
one proposed in the next chapter. To facilitate the reading, the proofs of the results
presented in this chapter are included in Appendix A. This chapter is based on the
paper [10].

Chapter 5 introduces the localized Gibbs sampler particle filter, another local al-
gorithm that aims at exploiting the decay of correlations property of filtering models
through a form of regularization based on the notion of conditional independence
(rather than on the notion of independence, as for the block particle filter). While a
complete analysis of this algorithm is still missing, we prove a one-step error bound
that illustrates how this algorithm provides spatially homogenous approximations of
the filter distribution, hence overcoming the main drawback of the block particle fil-
ter (the proof is included in Appendix B). The analysis of this algorithm prompts for
the investigation of the decay of correlations in general Markov Chain Monte Carlo
methods, and new challenges arise in this context. The material presented in this
chapter is new and has not been submitted to publication yet.

Chapter 6 is devoted to establishing new comparison theorems for Gibbs measures
that extend the applicability of the original Dobrushin comparison theorem to larger
regions of the phase space. The proof of these results (contained in Appendix C)
is part of a more general framework that is developed to analyze the convergence
behavior of Gibbs samplers, a particular class of Markov chains. As an application,
the new comparison theorems are used to improve qualitatively the analysis of the
block particle filter given in Chapter 4 to handle scenarios where ergodicity in space
and in time are treated on a different footing. This chapter is based on the paper

[41].

Chapter 7 presents some of the first results in the theory of filtering with infinitely-
many observations. The focus of this chapter is complementary to the quantitative
framework previously analyzed in this thesis, mostly in the realm of algorithms. Now
we are interested in the fundamentals of filtering theory in infinite dimension, and
filter stability and decay of correlations are analyzed qualitatively in models with
infinitely-many degrees of freedom. We show that completely new phenomena appear
in this setting: contrarily to the finite-dimensional case, inheritance of ergodicity can
undergo a phase transition in the signal-to-noise ratio. We refer to Appendix D for
the proofs of the results presented in this chapter. The material of this chapter is
taken from the paper [12], which further develops this set of ideas by yielding, for
instance, conditions that guarantee the inheritance of ergodicity.
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Chapter 2

Preliminaries

This chapter is devoted to introducing some elementary concepts and facts in prob-
ability theory that will be needed in what follows. As this thesis ultimately deals
with conditioning, large focus is given to the notion of conditional expectations and
conditional distributions, along with some of their basic properties. Since we will
be mostly concerned with high-dimensional distributions, we present a collection of
tools to control their distances. Emphasis is also given to the Monte Carlo paradigm,
which is the backbone of the first part of this thesis. The material is presented in a
streamlined manner, and no attempt is made at developing a systematic treatment.
This chapter also serves to set the notation being adopted in this thesis.

We assume that the reader is already familiar with measure-theoretic probability
theory at the level of an introductory class on the subject. We refer to [65] for an
agile and beautiful introduction to this material, and to [11] for a comprehensive and
systematic treatment of it.

2.1 Notation and conventions

We begin by establishing some notations and conventions that will be used through-
out.

A function from a measurable space (E, €) to R := [—00, +00], or a subset of it, is
&-measurable it if is measurable relative to € and the Borel o-algebra on R. We write
f € &€ to mean that the function f is &-measurable. We write 14 for the indicator
function on the event A € €. We say that a function is positive if it takes values in
R, := [0, 4+o00].

When we say that X is a (E, £)-valued random variable with distribution u, we
mean that there is a probability space (2,3, P) in the background so that X is a
random variable taking values on the measurable space (E, £) and

[Pl e = —nf= [ ntan) 1

for any positive E-measurable function f. If X has distribution u, we write X ~ pu.
Given a random variable X, we denote by 0 X the o-algebra generated by it.
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To keep the use of parentheses at minimum, we write E XY to mean E(XY).
To avoid pedantry, whenever easily inferred by the context, we will often not specify
the domain where functions are defined, the o-algebras where events live, and the
o-algebras involved with the definition of measurable functions. For instance, we will
often say that a probability measure p on a measurable space (F, ) is defined by
wu(dx), u(A), or pf, without mentioning that this definition has to hold, respectively,
for each x € F, each A € &, or for each positive E-measurable function f. Often we
will also say that u is a probability measure on F, when we really mean (F, £).

2.2 Conditioning and Bayes formula

In this thesis we will be primarily interested in the behavior of conditional expecta-
tions and conditional distributions. We presently recall some of the main definitions
and properties that will be needed in what follows. As a large part of this thesis
is devoted to Monte Carlo approximations, emphasis is given to the role of random
variables. As such, results in this section are mainly phrased in terms of random vari-
ables, distribution of random variables, and o-algebras generated by random variables,
rather than in terms of probability measures and generic o-algebras.

Definition 2.1 (Conditional expectation). Let X be a R-valued random variable, and
letY be a (F,F)-valued random variable. The conditional expectation of X given'Y is
any random variable of the form h(Y), where h is a R-valued F-measurable function,
such that the following holds for any positive F-measurable function f:

EnY)f(Y) =EXf(Y).

We use the notation E(X|Y) to indicate any such random variable h(Y). We also
write E(X|Y = y) to mean the value that any such function h takes at y € F, that
is, E(X|Y =y) = h(y) (recall that conditional expectations are defined up to almost
surely equivalences).

The conditional expectation of X given Y is the function of Y that provides best
estimates of X in the least square sense, as the following lemma shows.

Lemma 2.2 (Optimality of conditional expectation). Let X be a R-valued random
variable, and let Y be a (F,F)-valued random wvariable. Assume that E X? < oo.
Then, the function y € F — h(y) .= E(X|Y = y) satisfies

h=argminE (X — g(Y))?,
g9

where the minimization is with respect to all R-valued measurable functions g such
that E g(Y)? < co.

Proof. By the properties of conditional expectations we have

E(X -h(Y)?=EX?+EE(X|Y)? - 2EXE(X]Y)
=EX?’-EE(X|Y)?<EX? < 0.
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It remains to prove that for any measurable function g we have
E(X - h(Y))? <E(X —g(Y))*
For simplicity, define H := h(Y) = E[X]Y] and G := g(Y). Then,

E@'fﬂ E(X-G+G—H)?
E(X-G)?*+E(G-H)?+2E(X -G)(G - H))
E(X-G)?*-E(G-H)?

gE@éG%

where we used that, by the properties of conditional expectations,
E(X-G)(G-H)=EE(X-G)(G-—H)|Y)=EE(X —gY)|Y)(G - H)
=E(H-G)(G—-H)=-E(G-H)*
[

Let us recall the definition of transition kernels, which is instrumental for the
definition of conditional distributions given immediately below.

Definition 2.3 (Transition kernel). Let (E, &) and (F,F) be measurable spaces. Let
K be a mapping from E x F into Ry. Then, K is called a transition kernel from
(E,&) to (F,F) if the following two conditions are satisfied:

(a) the mapping x — K(z, B) is E-measurable for every set B € F;

(b) the mapping B — K(z, B) is a measure on (F,F) for every x € E.

If K is a transition kernel from (F, ) to (F,%F), p is a probability measure on
(E,&) and f is a (F, F)-measurable function, we use the notation

Kfle) = Kaf = [ K(o.dy) £0)
quE/u@wK@Awﬂw-

Definition 2.4 (Conditional distribution). Let X be an (E, €)-valued random vari-
able, and letY be a (F,F)-valued random variable. A probability kernel P : F' x € —
0, 1] which satisfies

PfY) =E(f(X)Y)
for every positive E-measurable function is called the conditional distribution of X
given Y. Sometimes we also write P(X € dz|Y') to mean P(Y,dx).

Remark 2.5 (Random measure). Given a measurable space (F,€), a random mea-
sure p on (E, &) is a transition kernel from the underlying probability space (2, H, P)
o (E,E). We say that a collection of random variables X1,..., Xy on (E, &) is i.i.d.
coming from the random measure p on (E, &) if there exists a random variable Y
taking values in some measurable space (F,F) such that the following holds true for
all positive E-measurable functions fi,..., fn:

E(fl(Xl) T fN(XN)|Y) = E(fl(X1)|Y) T 'E(fN(XN)’Y) = ,ufl(Y) T NfN(Y)-
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Given two probability measures p and v on a measurable space (E, &), recall the
following definitions. If for each A € € such that v(A) = 0 we have u(A) = 0, then p
is said to be absolutely continuous with respect to v, and we write p < v. If p < v
and v < pu, then p and v are said to be equivalent, and we write p ~ v. If there
exists A € € such that u(A) = 0 and v(A) = 1, then p and v are said to be mutually
singular, and we write p L v.

The following is a key result that relates probability measures that are absolutely
continuous.

Theorem 2.6 (Radon-Nikodym derivative). Let X and Z be (E, &)-valued random
variables with distribution p and v respectively Assume that n < v. Then, there
exists a positive E-measurable functwn 1, called the Radon-Nikodym derivative such
that

E[(X)=E(2)[(2)

for each positive E-measurable function f.
Proof. We refer to [65] for a proof of such result. O

The following is a key result that relates the way absolutely continuous probability
measures behave under conditioning. It is one of the many forms of Bayes formula.

Theorem 2.7 (Bayes formula). Let X and Z be two (F, €)-valued random variables,
and let Y be a (F, F)-valued random variable. Let p be the distribution of (X,Y), and
let v be the distribution of (Z,Y), with p < v. Then, for each positive E-measurable
function f we have

E(%(Z,Y) [(2)]Y)

E(%(Z,Y)|Y)
Let @) be the conditional distribution of Z given Y. Then, the conditional distribution
of X given'Y s given by the probability kernel P defined as

Q(y,d2) % (2,y)
JQly, d=) E(zy)
Proof. We only prove the statement for conditional expectations, as the statement

for conditional probabilities follows immediately by applying Definition 2.4. Fix a
positive E-measurable function f. First, we prove that

E(f(X)[Y) =

P(y,dz) =

E(Z(Z2.Y) f(2)]Y) = E(f(X)IY)E(Z(Z,Y)]Y).

As the right-hand side is clearly a function of Y, by definition of conditional expec-
tations we only need to prove that

EE(f(X)Y)E(Z(ZY)Y)g(Y)=EZL(ZY) [(Z)g(Y)

for every positive (F,F)-measurable function g. In fact, using the properties of con-
ditional expectations and using the Radon-Nikodym theorem (Theorem 2.6) for the

18



random variables (X,Y’) and (Z,Y") we have

To conclude the proof we only need to prove that
E(%(Z,Y)Y)>0  P-as.
Using agan the Radon-Nikodym theorem we get
E ]'E(%(Z,YHY):O(Y) =B %(Zv Y) 1E(%(Z,Y)\Y):O(Y)
=EE(%(Z,Y)|Y) L zy)y)=o(Y) = 0.
O

As an immediate application of Bayes formula we have the following lemma on the
computation of conditional distributions. While this lemma could be proved using
directly the definition of conditional expectation, we prove it using Bayes formula, as
it is representative of the way Bayes formula will often be used in this thesis.

Lemma 2.8 (Computation of conditional distributions). Let X be an (E, £)-valued
random variable, and let Y be a (F,F)-valued random variable such that for each
positive (E x F, & @ F)-measurable function f we have

Ef(X,Y)= /p(dﬂf) Mdy) y(z,y) f(2,y),

where p and X are probability measures on (E, &) and (F,F) respectively, and vy is a
strictly positive € @ F-measurable function. Then, the conditional distribution of X
giwen Y s given by the probability kernel P defined as

_ pldx)y(z,y)
Ply, dz) = [ p(dz)y(z,y)’

Proof. Define the following two probability measures on (E x F, & ® F):

pldz, dy) = p(dz) A(dy) v(z, y),
v(dz,dy) = p(dx) Ndy).

Clearly p < v and % = ~. By definition p is the distribution of (X,Y’). Let Z
be an (E, €)-valued random variable such that v is the distribution of (Z,Y). By
independence we immediately find that the conditional distribution of Z given Y is
given by the probability kernel () defined as

Q(y, dz) = p(dz).

Then, by Bayes formula (Theorem 2.7) the result follows immediately. O]
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2.3 Distances between probability measures

In this thesis we will face the problem of measuring and controlling the distance
between probability measures. To this end, we currently introduce the two main
notions of distance that we will consider, along with some elementary lemmas on
their behavior.

Let (E,&) be a measurable space, and let p and v be two (possibly random)
probability measures on it. We define the total variation distance between p and v
as

lp=vll== " sup |uf—vfl,
fe&[flle<1
where || flloo = sup,cp |f(z)]. We will also need the following distance between

probability measures:

g —vll =" sup E(uf —vf)*

fe&flle<1

It is easy to verify that || - || and || - || define two metrics in the space of probability
measures. Both metrics yields numbers between 0 (if 4 = v) and 2 (if ¢ L v). In
fact, if 1 L v then there exists A € € such that p(A) = 0 and v(A) = 1, and choosing
f =14 — 14c, where A€ is the complement of A, we have |uf — v f| = 2. Note that if
p and v are not random, then we clearly have ||u — v|| = ||u — V||

We now present some results in the general setting of (possibly random) proba-
bility measures. These results hold both with respect to the metric |- || and with
respect to the metric || - || (in the latter case, if the probably measures are random
then these bounds hold for each realization of the randomness).

As we will be interested in conditional distributions, we need to understand how
conditioning affects the distance between measures. Since conditioning introduces
weights on measures (see Bayes formula, Theorem 2.7), we will need the following
lemma.

Lemma 2.9 (Weighted measures). Let p and v be (possibly random) probability mea-
sures on a measurable space (E,E), and let g be a real-valued E-measurable func-
tion which is bounded away from zero and infinity, that is, inf.cpg(z) > 0 and
Sup,cp g(x) < 0o. Define

pldr) g(x) 1a(x) v(dx) g(x) 1a(x)
o) = LI LAD) - Tt
J nldx) g(x) Jv(dz) g()
Then,
SUPsep 9(7)
|| < 2 2w Ny
iy = vyl < 2 RS ]
The same conclusion holds if the || - ||-norm is replaced by the || - ||-norm.
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Proof. For any real-valued measurable function f we have

plof) _vigf) _ wlaf) —vigf)  vigf) _ vigf)

/g vg 119 119 vg
_ %{M (i) _,/(i)}+ V(f9>%{y (L) _H(L)}_
19 (7] (7] vg g 191l00 19l

If we assume that ||f]|s < 1, then we have Hﬁ”OO < 1land v(fg) <v(g), as g is

positive. As “m”w < 1 and pg > inf, g(x), the proof follows immediately by using
the triangle inequality for the metric || - || or for the metric || - ||. O

A collection of random variables (X,),>¢ taking values in a measurable space
(E, €) is a Markov chain if there exists a transition kernel P from (E, &) to (E, &)
such that for each n > 1 and each A € € we have

P(X, € AlXo,...,X,) = P(X,_1, A).

In this thesis we will be mostly interested in stochastic systems that can be described
as Markov chains. Hence, we need to understand how the Markovian dynamics affects
the distance between probability measures. The so-called minorization condition rep-
resents a strong condition that causes Markov chains to forget their initial condition
at a geometric rate, as the following lemma shows.

Lemma 2.10 (Minorization condition for Markov chains). Let p and v be (possibly
random,) probability measures on a measurable space (E,E) and let P be a transition

kernel from (E,E) to (E,E). Then,
llnb =Pl < lp = vl

If there exist a probability measure p on (E,&) and € > 0 such that P satisfies the
following minorization condition

P(xz,A) > ep(A) for each x € E, A €€,

then
P —vPl| < (1 —¢)lfpx— vl

The same conclusions hold if the || - ||-norm is replaced by the || - ||-norm.

Proof. The conditions f € &, || f|leo < 1 clearly imply Pf € &€, ||Pf|loo < 1. The first
statement of the lemma follows immediately:

P —vPll= swp EWPf—vPf) < |lu—vll.
fe& flleo<1

To prove the second statement, define

P(z,A) —ep(A)
1—c¢

K(z,A) =
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for each x € E; A € €. By the minorization condition it is easy to verify that K is a
transition kernel. As
uP —vP = (1-¢)(uK —vK),

proceeding as above we get

luP —vPll=(1~e) sup VE@Kf-vKf)?<(1-e)lln—vl.
Fee:] flloes

The same argument holds with the || - [[-norm. O

Under the minorization condition the map pu — pP is a strict contraction in the
|| - ||| norm. This implies that a Markov chains is geometrically ergodic: the difference
of the law of the Markov chain started at two initial measures decays geometrically
in time, namely,

pP™ = vP || < (1 —e)" [ln—vll.

2.4 Distances between probability measures in
high dimension

In this thesis we will be interested in the behavior of probability measures in high
(possibly infinite) dimension. The canonical description of a high-dimensional random
system is provided by specifying a probability measure p on a (possibly infinite)
product space E = [[..; E' each site i € I represents a single degree of freedom,
or dimension, of the model. When [ is defined as the set of vertices of a graph,
the measure p defines a graphical model or a random field. Models of this type are
ubiquitous in statistical mechanics, combinatorics, computer science, statistics, and
in many other areas of science and engineering.

Let p and p be two such models that are defined on the same space F. We ask
the following basic question: when is p a good approximation of p? As briefly seen in
the previous section, probability theory provides numerous methods to evaluate the
difference between arbitrary probability measures. However, the high-dimensional
setting brings some specific challenges: any approximation of practical utility in high
dimension must yield error bounds that do not grow, or at least grow sufficiently
slowly, in the model dimension d = card I. We therefore seek quantitative meth-
ods that allow to establish dimension-free bounds on high-dimensional probability
distributions.

The Dobrushin comparison theorem that we are about to introduce is a power-
ful (albeit blunt) tool to bound the total variation distance between marginals of
high-dimensional probability measures p and p in terms of their local conditional
distributions. This method was developed by Dobrushin in [18, Theorem 3] in the
context of statistical mechanics. Presently we introduce this tool in its simplified
form, which is due to Follmer [241] and has become standard textbook material, cf.
[27, Theorem 8.20] and [15, Theorem V.2.2].! Despite the crucial importance that this

! Note that our definition of || - || ; differs by a factor 2 from that in [27].
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theorem has for the results that will be developed in this thesis, we refer to Chapter
6 for its proof (see Section 6.3.1 in particular). In fact, one of the goal of Chapter 6
is precisely to develop a more general version of this comparison theorem.

Define the coordinate projections X¢ :  + ' for v € E an i € I. For any
probability p on E, we fix a version p! of the regular conditional probability

PL(A) == p(XT € AIXINE = I\,
We also define for J C [ the local total variation distance

lp—=plls:= sup |p(f) =P (f)l,
e8| fI<1

where 8”7 is the class of measurable functions f : E — R such that f(z) = f(2)
whenever 27 = 27/, For J = I, we write ||p — p/|| for simplicity.

Theorem 2.11 (Dobrushin comparison theorem). Let p, p be probability measures on
E. Define

1 o o
Cij =5 sup 6% — P2, bj = sup |, — pL .
z,z€ BT\t =21\{5} z€E

Suppose that the Dobrushin condition holds:

max Cl] < 1.
i€l ~
jel

Then the matrix sum D = ano C" is convergent, and we have for every J C I

lp—plls <D Dby

ieJ jeI

The Dobrushin comparison theorem can be informally interpreted as follows. Cj;
measures the degree to which a perturbation of site j directly affects site ¢ under the
distribution p. However, perturbing site 7 might also indirectly affect ¢: it could affect
another site k which in turn affects 7, etc. The aggregate effect of a perturbation of
site j on site ¢ is captured by the quantity D;;. If D;; decays exponentially in the
distance d(i, ) (which is a useful manifestation of the decay of correlations property
that we will often encounter in this thesis), then Theorem 2.11 yields, for example,
lp—plli 22, e~ b, where b; measures the local error at site j between p and
(in terms of the conditional distributions p/ and p7).

In many applications it is natural to describe high-dimensional probability distri-
butions in terms of local conditional probabilities of the form p’. This is in essence
a static picture, where we describe the behavior of each coordinate ¢ given that the
configuration of the remaining sites I'\{:} is frozen. In models that possess dynamics,
this description is not very natural. In this setting, each site ¢ € I occurs at a given
time 7(i), and its state is only determined by the configuration of sites j € I in the
past and present 7(j) < 7(i), but not by the future. It is therefore interesting to note
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that the original comparison theorem of Dobrushin [15] is actually more general than
Theorem 2.11 in that it is applicable both in the static and dynamic settings. We
presently state the one-sided counterpart to Theorem 2.11, and we refer to Chapter
6 for a more general version of this result and for its proof (see Section 6.3.3).

Assume that we are given a function 7 : I — Z that assigns to each site ¢ € I an
integer index 7(i). Define

Io;:={jel:7(j) <i}.
For any probability p on E, we fix a version ¢ of the regular conditional probability
Y(A) = p(XT € AIX= M} = Tz,
We can now state the one-sided Dobrushin comparison theorem.

Theorem 2.12 (One-sided Dobrushin comparison theorem). Let p, p be probability
measures on E. Define

1 - -
Cij =5 sup 17z =2l bj = sup [y} — 72l
x,2€ B:xI\i} =21\{5} z€E

Suppose that the Dobrushin condition holds:

max Cl] < 1.
i€l ~
jeI

Then the matriz sum D =) ., C" is convergent, and we have for every J C I

lp—plls <D Dby

ieJ jel

Note that the one-sided comparison theorem can be interpreted as a generalization
of Theorem 2.11 (just take 7 to be a constant function). However, we stated two
different theorems to stress the difference between the static and dynamic case. Both
theorems will play a crucial role in this thesis.

In order to use these comparison theorems we must be able to bound the quantities
C;; and b;. The elementary lemmas introduced in Section 2.3 will be used precisely
for this purpose. We presently introduce a lemma that will be essential for bounding
the matrix D coming from the comparison theorems. This result states that if Cj;
decays exponentially in the distance between i and j at a sufficiently rapid rate, then
D;; will also decay exponentially in the distance between 7 and j. It is essentially a
simple lemma about matrices.

Lemma 2.13. Let I be a finite set and let m be a pseudometric on I. Let C =
(Cij)ijer be a matriz with nonnegative entries. Suppose that

malx em(i’j)Cij <ec< 1.
1€ jel
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Then the matriz D =, ., C" satisfies

- 1
max em(”J)Dij < .
il 4 —1-c
jel

In particular, this implies that

for every J C I.

Proof. Define for any matrix A with nonnegative entries the norm

— m(ij) A ..
Hmwﬂgzeﬂ%

jel

Using m(i,7) < m(i, k) +m(k, j), we compute

|AB|m = max Z ety Z A By

jel kel
< max e™Bk) A Z em(k’j)Bkj
el el jel
< [| Al Bllm,

so ||A||;, is a matrix norm. Therefore,

1Dl < SNl < S =

n>0 n>0
As
m(i,J m(z,j
"Dy Ay <Y e DAy <A,
jed jed
the last statement of the lemma follows immediately. O

In the remainder of this section we present two simple results that are meant to
illustrate the models that we will consider in this thesis.

Often we will state the general fact that “probability measures tend to be sin-
gular in high (or infinite) dimension.” The following proposition exhibits a concrete
manifestation of this general fact.

Proposition 2.14. Let (E, £) be a measurable space and let pw and v be two probability
measures on it. Define the following product measures on (EN, EN):

u® ::®u, v® 2:®V.

neN neN

If i # v then p® 1L v®.
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Proof. Let (2,3, P) be a probability space, and let (X,)nen and (Y;,)nen be two
collections of i.i.d. random variables taking values in (E, €), such that X,, ~ u and
Y, ~ v for each n € N. As pu # v, there exists A € € such that u(A) # v(A). Define

B := {z: (21,22,...) € BN : lim %ZIA(,Z”) :/L(A)}.

By the law of large numbers we have

p?(B) =P ({w € ]\}EI;O%ZIA(Xn(w)) = u(A)}) =1,

Vo(B) = P <{w cq: ngr;o%;u(yn(w)) _ u(A)}) 0.

]

Proposition 2.14 attests that unless two measures 1 and v are the same, their
infinite products p® and v® are mutually singular. This example illustrates the
fundamental reason why a global analysis of high-dimensional models is not suitable to
properly describe these models. On the other hand, these models can be meaningfully
interpreted by looking at local quantities. To see this, consider the case ||y — v|| =
e < 1. Then, for J C I a telescoping argument easily gets ||u® — v®||; < e card J,
whereas the global total variation bound yields ||u® — v®|| = 2. By bounding the
local total variation distance over subsets of coordinates in terms of local quantities
(the conditional distributions of each coordinate given all the others), the Dobrushin
comparison theorem represents the key tool that will be used in this thesis to perform
a local analysis in high-dimensional models.

Whiile infinite-dimensional probability measures can be equivalent, they can differ
significantly only on a finite number of coordinates, as the following example taken
from [11, Chapter 9] illustrates.

Example 2.15. For each a € R, let x, be the distribution of a Gaussian random
variable in R with mean a and variance 1. Given two sequences (ay)nen and (by)nen,
define the following product measures on RN :

ILL® ::®Xam V® ::®an~

Then, pu® ~ v® if and only if 3, y(an — bn)? < o0.

This example tells us that in order to be equivalent infinite-dimensional probability
measures can only have finitely many degrees of freedom that can carry significant
information. While such cases represent respectable infinite-dimensional models, for
the sake of the results developed in this thesis we think of them as being effectively
finite-dimensional. On the other hand, in this thesis we will be interested in models
that are genuinely infinite-dimensional, in the sense that they are constituted by
infinitely-many independent degrees of freedom.
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2.5 Monte Carlo

Given a measurable space (E, &) and a (possibly random) probability measure u
on it (perhaps known only up to a normalization factor), in this thesis we will be
interested in the problem of approximating integrals of the form uf = [ u(dz)f(x),
for a suitable class of R-valued &-measurable functions f. The Monte Carlo approach
consists in approximating uf with the sample mean of f under p. If y is not random,
this means:

af =B S ~ S FX(0),

where X ~ u, and X(1),..., X(N) are i.i.d. random variables (samples) with distri-
bution p, for a certain N > 1. On the other hand, if x is random this means:

i = pf(Y) = BUOY) ~ + 3 FX(0),

where Y is the random variable through which the randomness in p comes, as pre-
scribed by Remark 2.5.

It is convenient to introduce the following sampling operator on probability mea-
sures (0, denotes the Dirac measure with mass located at x € F).

Definition 2.16 (Sampling operator). Let u be a (possibly random) probability mea-
sure on (E,&). Define the sampling operator SV as

N
1
SNy = N Z(SX(i)’ X(1),...,X(N) are i.i.d. samples ~ pu.
i=1

As SV is defined in terms of (possibly conditionally, cf. Remark 2.5) i.i.d. random
variables, there are a lot of results to assess the accuracy of (SVu)f as an estimate of
wf. In particular, as N goes to infinity the strong Law of Large Numbers tells us that
(SN ) f converges almost surely to uf, while the Central Limit Theorem tells us that
VN {(S¥pu) f — puf} converges in distribution to a Gaussian with mean 0 and variance
wf? — (uf)?. Non-asymptotic results can also be easily obtained, such as bounds on
tail probabilities P{|(S¥u)f — pf| > t}, for t > 0, and bounds on error moments
E|[(SYu)f — pf|P, for p > 1. We presently prove a result for the case p = 2, as this
will be used repeatedly in this thesis. We refer to [8] for a systematic collection of
these results.

Let us first recall the bias/variance decomposition of the mean square error, which
is one of the most analytically tractable measure of the quality of an estimator:

E((S")f - uf) =E(S"w)f -~ ES"wf)P + B w)f - uf)’.

v v~
variance bias2

Clearly, (SVu)f is an unbiased estimator for each N > 1, as E (SVu)f = uf. As
for the variance of the estimator, we have the following lemma.
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Lemma 2.17 (Monte Carlo variance). Let p be a random probability measures on
(E,&), and let Y as in Remark 2.5. For each positive E-measurable function f we
have

B (((SVi)f — i PIY) = {7 — ()}

As a consequence,

5% =l < <.
Proof. Note that
(S  ufP = (afP — 25 S 1) + 5 S (X))
b Y FXG) FXG))
i,5€{1,....N}
i#j

By definition of the samples X (1),..., X(N) (see also Remark 2.5) and by the prop-
erties of conditional expectations (recall that pf is oY -measurable), we have

B (") — jfPIY) = () = 2(uf )+ wlF) + 2t (uf)?

N
1
= 5 () = )},
and the statement follows immediately. O]

The Monte Carlo approximation scheme introduced above is practicable only when
it is possible (and computationally convenient) to sample from the distribution u
itself, the so-called target distribution. More generally, there are situations where it
is more convenient to sample from another distribution v on (E,£), which is then
referred to as the importance distribution (or proposal distribution). The importance
sampling paradigm is based on the idea that we can approximate pf using samples
coming from v. In fact, if 4 < v then the Radon-Nikodym theorem (Theorem 2.6)
yields

1 N

nf =Ef(X)=EZ(2) N 2—5 2(i),

where X ~ u, Z ~ v, and Z(1),...,Z(N) are 1.1.d. samples with distribution v.

More generally, in this thesis we will deal with situations where the target dis-
tribution p, or the instrumental distribution v, or both, are only known up to a
scalar factor. In this case also the Radon-Nikodym derivative 4 2 is also known up to
a constant factor. Nonetheless, the importance sampling paradigm can still be im-
plemented by considering the following approximation where constant factors cancel
out:

nf =B f(X) = "5<Z>f<Z>:E§(Q£§Z)%EZ1d5( (();{z(»())’
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where X ~ u, Z ~ v, Z(1),...,Z(N) are i.i.d. samples with distribution v, and
we have used that E 2%(Z) = pu(E) = 1. The self-normalized importance sampling
paradigm will be used in Chapter 3 to describe the basic algorithms upon which much
of the work in this thesis is based. For this reason, we introduce a sampling operator
also for this case.

Definition 2.18 (Self-normalized importance sampling operator). Let u, v be (pos-
sibly random) probability measures on (E, &) such that p < v. Define the self-
normalized importance sampling operator S as

N
SNy = Z W (i) 60, Z(1),...,Z(N) are i.i.d. samples ~ v,

i=1
where the weights W (1),...,W(N) are defined as

W m L)
N (z(0)

Clearly, we have Sfj pu = SN¥u. Consistency and asymptotic normality are easy

to prove, and now v N {(SN¥u)f — uf} converges in distribution to a Gaussian with
mean 0 and variance E(Z—‘:(Z) (f(Z) — uf))?, Z ~ v. The self-normalize estimate
(S¥p) f is biased for any fixed value of N, and establishing non-asymptotic results
is not as straightforward as for the ordinary Monte Carlo approximation. We refer

again to [3] for details.
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Chapter 3

Classical nonlinear filtering and
particle filters

This chapter provides an overview of the classical theory of nonlinear filtering and
sequential Monte Carlo algorithms known as particle filters. Emphasis is given to
the stability property of the filter distribution, which is the key to establish time-
uniform error bounds for particle filters. The treatment revolves around the curse
of dimensionality phenomenon, and the coverage is instrumental to the content that
will be developed in Chapter 4 and Chapter 5. The presentation is inspired by [55]
and [8].

3.1 Hidden Markov models and nonlinear filter

Let (X,X) and (Y,Y) be two Polish spaces. We define a hidden Markov model as
a (X xY,X ®Y)-measurable Markov chain (X, Y,,)n,>0 whose transition probability
kernel K can be factored as

Kf(ey) = / ple, 2') (', of) b(de’) o(dy) (o),

for each x € X,y € Y and each X ® Y-measurable function f. Thus, (X,,),>0 is itself
a Markov chain in (X, X) with transition density p : X x X — R, with respect to
a given reference measure ¢, while (Y},),>0 are random variables in (Y, Y) that are
conditionally independent given (X,,),>o with transition density g : X x Y — R,
with respect to a reference measure . This dependency structure is illustrated in
Figure 3.1. We interpret (X,,),>0 as an underlying dynamical process—the signal—
that is not directly observable, while the observable process (Y;,),>0 consists of partial
and noisy observations of (X,,),>0. The hidden Markov model setting is convenient
mathematically and is ubiquitous in practice as a model of noisy observations of
random dynamics.

In the following we will assume that the process (X,,,Y,)n,>0 is realized on its
canonical probability space, and denote for any probability measure p on (X, X) by
P# the probability measure under which (X, Y, )n>0 is a hidden Markov model with
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5 Xy ———

Figure 3.1: Dependency graph of a hidden Markov model.

transition probability P as above and with initial condition Xy ~ p (if we simply write
P, then it means that any choice of the initial measure would yield equivalent results
for the argument being considered). For z € X, we write for simplicity P* := P,
As the process (X,,)n>0 is unobservable, a central problem in this setting is to track
the unobserved state X,, given the observation history Yi,...,Y,: that is, we aim to
compute the nonlinear filter

mh=PHX, € -|Y1,...,Y,).

n

Filtering—the computation of the conditional distributions of a hidden Markov
process given observed data—is a problem that arises in a wide array of applications
in science and engineering, classically in the field of tracking, speech recognition, and
finance. We refer to [3] for a rich list of applications.

Remark 3.1 (A matter of notation). To be precise, given our definition of conditional
distributions (Definition 2.4), we should write 7 (Y1.,, - ) instead of wt. Howewver, in
what follows we only use the kernel notation T (y1.,, dx) to emphasize the dependence
of the filter on a particular sequence of observations Y1., = y1.,. Hence, we interpret

7 as a random measure whose randomness is (implicitly) provided by the observations
Yi,..., Y.

Being a conditional distribution, the filter yields least mean square estimates, and
for this reason it is often referred to as the optimal filter.

Lemma 3.2 (Optimality of the filter). Fiz n > 0. Let f be a measurable function
such that E* f(X,)> < co. Then,

mhf = argmin B* (f(X,) = h(Yi))?,

where the minimization is over measurable functions h.

Proof. 1t follows immediately from Lemma 2.2, choosing X = f(X,) and YV =
(Y1,...,Y,). O

If the conditional distribution 7, can be computed, it yields not only a least mean
square estimate of the unobserved state X,,, but also a complete representation of the
uncertainty in this estimate.

An important property of the filter is that it can be computed recursively, which
follows immediately from Bayes formula (Lemma 2.8).
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Lemma 3.3 (Filter recursion). The filter distribution ©" can be computed recursively
according to

J mn_i(dx) p(z, 2') P(da’) g(a', Yy) f(2')
J i (dz) pz,2') ¢(da’) g(a', Yy)
with the initial condition 7y = p.

T =

Proof. Fix n > 0. By construction Xj., has distribution p given by
p(dxoy,) := P*( Xom € dxoy) = pu(dxo) p(xo, x1)Y(dey) - - - p(@n_1, xp)(dxy,).
Define the provability measure A on (Y",Y") as
Ady1n) = @(dys) - - - p(dyn),

and define the positive function v as

V(@1 Y1n) = g(x1,y1) - 9(T0, Yn).

By construction we have

EM f(XD:na YVln) = /p(dx()n) A(dy1n> ’Y(l’l:na yl:n) f(J:O:na yl:n)

for each positive measurable function f. By Bayes formula (Lemma 2.8) we have that
the conditional distribution of X, given Yi., is given by the probability kernel P
defined as

PI(¥ia) = [ P¥(Xon € doonl¥ia) flan,) = L2 0 T[]

It is immediately verified that

Tl — " o) = fp(dx&n) 7($0:n, Yln) f(mn)

nf - /P(Y’lﬂnd 0:n) f( n) fp(dxﬂn) 7(370:1%}/1:71)

_ S (d) pla, o) ¥ (da) g(o', Yn) f ()
fWZ—l(dx)p<x>x,)¢(dx/) g(‘rlen) ‘

]

The recursive structure of the nonlinear filter is of central importance, as it allows
the filter to be computed on-line over a long time horizon. Nonetheless, the recur-
sion is still at the level of probability measures, and in general no finite-dimensional
sufficient statistics exist. Important exceptions are two special cases: linear Gaussian
models (which give rise to the celebrated Kalman filter) and models with a (small)
finite state space, cf. [3]. However, most complex models do not fall into these very
limited categories. Therefore, the practical implementation of nonlinear filters typ-
ically proceeds by sequential Monte Carlo approximations known as particle filters.
We refer to [19] for a survey on these methods. In the present context we limit ourself
to describe, in their basic formulations, the main two algorithms that have been con-
sidered in the filtering literature. We present these algorithms in the light of the curse
of dimensionality phenomenon that affects both of them, which will be instrumental
for the material developed in Chapter 4 and Chapter 5.
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3.2 Sequential importance sampling

One of the first Monte Carlo algorithm that was used to approximate the filter distri-
bution is the sequential importance sampling (SIS) particle filter. The introduction
of this algorithm can be traced back to the pioneering work of Handschin and Mayne
in 1969 [30]. The idea behind the SIS algorithm is to apply the self-normalized im-
portance sampling paradigm introduced in Section 2.5 to approximate the so-called
smoothing distribution P*(Xj., € -|Y1.,), and then compute the marginal at time n
to approximate the filter 7# = P*(X,, € - |Y1.,).

To see how the SIS works, fix n > 1 and assume that we are given the observations
Yi,...,Y,. Our goal is to approximate integrals with respect to the (random) measure
m#. From the proof of Lemma 3.3 we know that the conditional distribution of X,
given Y7., is given by the kernel P defined as

1

P(}/i:na dl‘[):n) = PM(XO:n € dl‘O:nD/l:n) - E /p(den) 9(51017 }/1) o -g(:L‘n,Yn),

where

p(dzo.y) == P*(Xowm € dron) = p(dzy) p(xe, 1) (day) - - p(xy—_1, zp)0(dzy,)

and
7 = /p(dx()m) g(x1, Y1) g(xn, Yn). (3.1)

At first sight, we might think of using straightforwardly the Monte Carlo approxima-
tion (recall the definition of the sampling operator S», Definition 2.16)

R I Wi = [(8Y P ) dion) Fo) = 1 D0 F(Kali)

where, for each i € {1,..., N}, X (i) := (Xo(),...,X,(7)) is an independent sample
from the distribution Py,,, (conditionally independent given Yi,...,Y,, see Remark
2.5). Of course, the problem with this approach is that in general we do not know how
to sample from Py, . However, by construction it is usually easy to sample from the
signal Markov chain (X,,),>0. This is the case, for instance, if the signal is modeled
as a recursion

Xn - h(Xn—la fn)7 n Z 1,

where (&,),>1 are i.i.d. random variables having a distribution that can be efficiently
sampled (for instance, the uniform distribution or the Gaussian distribution), and h
is a non-random function that we know pointwise. In this case, in fact, we can sample
X, ~ p(x,_1, - ) by sampling &, first, and then computing X,, = h(x,_1,&,).

This fact suggests to use importance sampling choosing p as importance distribution
and Py, as target distribution. The Radon-Nikodym derivative reads

Py, 1
d—Yp‘(l’OWJ i g(xh )/1) T g(xm Yn)

N
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Since the normalization constant Z is not easy to compute (else, again, computing
the filter distribution would not be a problem in the first place), then we apply the
self-nomalized importance sampling operator Sfjv (Definition 2.18) to get

WA Vi) % [(S) Poy o) fa) = 3°Wali) £ (D)

where for each ¢ € {1,..., N} we have

W (i) = 9(X1(i), Y1) -+ 9(Xn(i), Yy)
S g(Xa(0), Y1) - g(Xa(0), V)

and X (i) := (Xo(7),...,X,(7)) is an independent sample from the distribution p.
Note that the weights W, (1),..., W, (N) are positive and they sum to 1, and they
depend on the (random) observation sequence Yi,...,Y,. So, the SIS particle filter
approximation at time n is given by

N

T () = / (SN Py, ) (o) = S Wi(i) G, 1) (da)-
To:n—1EX"

i=1
A key observation is that the weights can be computed recursively, namely,

W (i) o Wt (i) g(Xn(i),Ys),  Woli) = 1/N, (3.2)

where the proportionality is up to the normalization factor so that Zfil Wyo(i) = 1.
This fact suggests that the SIS particle filter can be implemented in an on-line fashion,
as described in Figure 3.2. Figure 3.3 illustrates a typical iteration of the algorithm.

Algorithm 1: SIS particle filter

Data: Fix n, N > 1. Let the observations Yi,...,Y,, be given.

Sample Xy(i), i =1,..., N from the initial distribution y;

Set Wo(i) =1/N,i=1,...,N;

for k=1,...,ndo
Sample i.i.d. X;(i) ~ p(Xg_1(4), -)dy,i=1,...,N;
Compute Wi(i) = Wi_1(i) g(Xi (i), i)/ Sy We-1(€) g(X5(£), Y2,
1=1,...,N;

— N .
Let 7h = ;0 Wa(4) 0x,,();
Compute the approximate filter 7# f ~ 7/ f.

Figure 3.2: The classical sequential importance sampling (SIS) particle filter.

For any fixed time n > 1, the quality of the estimates obtained by the SIS particle
filter as a function of the number of particles N can be easily assessed by the general
theory on self-normalized importance sampling, see Section 2.5. In particular, the
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SIS particle filter does indeed approximate the exact nonlinear filter as N goes to
infinity with the typical Monte Carlo 1/v/N-rate for the mean-square error, namely,

Ch

VEEF =7 <

)

=

where (), is a constant that depends on time n.

(a) (b)

—~
0
~—

(@)
(@) @) @
© \? ()
) @
[¢]
(¢]
Tn—1 T

Figure 3.3: Representation of a single iteration of the SIS particle filter in the
case when the state and observation spaces are X =Y = Ri, and when there are
N = 6 particles considered by the algorithm. Each particle is represented by a blue
ball, whose size is proportional to the weight of the particle. (a) Representation
of T,—1. (b) Particles are propagated forward using the underlying dynamics. (c)
Particles are reweighed according to the likelihood of the new observation at time
n (whose level sets are drawn in orange) yielding 7, following the multiplicative
weight recursion (3.2).

3.2.1 Sample degeneracy with time

The SIS algorithm is a sequential implementation of the general importance sampling
paradigm (“sequential” in the sense that there is no need of regenerating the popu-
lations of samples from scratch at the arrival of new observations). It turns out that
importance sampling is usually very inefficient in high-dimensional models, so that
the SIS particle filter performs poorly as time increases. The issue comes from the fact
that importance sampling employs a finite number of samples from P#(X,.,, € -) to
approximate the target distribution P*(Xy., € -|Y}.,), and the approximation does
not work well if the two distributions are too far apart, which is what happens if time
n is large. In practice the SIS algorithm fails because the distribution of the weights
W,o(1),...,W,(N) degenerates as time n increases, and essentially only one particle
is left with a non-zero weight after a few time steps (recall that at each time step
the the weights sum to 1 by construction). This phenomenon is known as collapse or
sample/weight degeneracy. The following example clarifies this issue.
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Example 3.4 (Weight degeneracy of SIS with time). In the framework introduced in
Section 3.1, consider the hidden Markov model where (X,)n>0 is a symmetric random
walk in 72 with Xo = x € Z2, and for eachn > 1 we have Y,, = X,,+en,, wheree € R,
and (Nn)n>0 s a collection of i.i.d. random variables having the standard Gaussian
distribution in R? (zero mean and identity covariance matriz). If the signal-to-noise
ratio is high, that is, if € is very close to 0, then we expect the smoothing distribution
P*(Xo., € - |Y1m) to be very concentrated around Xy.,, the true location of the path
of the signal up to time n. However, if we sample N particles from the distribution
P?(Xo., € ), where each particle represents a path of n steps of the symmetric
random walk, then only a fraction of the particles will be close to any given trajectory
in Z2, and the problem clearly gets worse as time increases.

The phenomenon of weight degeneracy of the SIS algorithm with time has been
analyzed in various settings. The following example (adapted from Example 7.3.1 in
[8]) analyzes the poor performance of the SIS algorithm asymptotically (in the limit
N — 00) as time increases.

Example 3.5 (Exponential growth of the SIS asymptotic variance with time). In
the general framework introduced in Section 5.1, consider the hidden Markov model
where (Xp)n>0 s a product of i.i.d. random variables with distribution u (that is,
p(z, ) = p for each x € X). Then, for each time n > 1 we have
in distribution
NYV2(7hf —mhf) ———  Gaussian (0,02(f)) as N — oo,
with
an(f) = ()",
where c(f) and v are constants that do not depend on n, c(f) > 0 as long as f is not
a constant, and v > 1 as long as the observation density g is different from 1.

First of all, as (X,)n>0 is a collection of i.i.d. random variables with distribution
w, it follows that also (Yy,)n>1 is a collection of i.i.d. random variables with distribution

P(Yi€ A) = /u(dfﬂ)g(w,y)w(dy) La(y).
For each x € X,y € Y define

_ o g(x,y)
gloy) = [ u(dz) g(z,y)’

Then, for each N > 1,n > 1 we have
N2 50 (F(X(0) = 7l f) Ty 9(Xe (i), Vi)
N1 Zf\;1 HZ:1 g(Xk(Z)v Yk)

where (X (7)), € {1,..., N}, k € {1,...,n}, is a collection of i.i.d. random variables
with distribution p, conditionally independent given Y7, ...,Y,. By independence, for
each v and k we have

Eg(X,(i), Yi) = EE(3(Xx(i), Yo)|Y;) = E / u(dx)g(x, Vi) = 1,

NYE(rf =i f) =

. (33)
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and the strong Law of Large Numbers yields, as N — oo,
almost surely

N o), i) ——— EHng 1),Y) = [[Eg(Xx(1), Vi) = 1

i=1 k=1 k=1 k=1

for the denominator in (3.3). On the other hand, as

rif = / u(dz) gz, Y,) (),

by independence it is immediately verified that

E (f(Xa(1) — 7 f) [ 9(Xk(1),Y2) =0
and ,
on(f) =E ((f(Xn(l)) — i) [ a(xx(D), Yk)) =c(f)v"
k=1
where

o(f) = E / u(dz) (F(z) — )7 9o, Vi),
’y::E/ (dz) 5z, YD)

The Central Limit Theorem yields that the numerator in (3.3) converges in distribu-
tion as N — oo to a Gaussian distribution with mean 0 and variance o>(f). There-
fore, it is immediate that also (3.3) converges in distribution to the same Gaussian
distribution. Applying Jensen’s inequality twice we get

1=(E/ (dr) §(x, Yl))QSE(/ (dr) g, 5/1))2§E/ (d2) gl Y2)” = 7.

Thus, the asymptotic variance of the SIS algorithm increases exponentially with time
as long as g is different from 1.

The analysis in Example 3.5 can be extended to more general models. However,
even for linear Gaussian models where computations can be carried out explicitly,
the analysis becomes much more involved (we refer to [3] and references therein). In
practice, weight degeneracy is a major limitation that has render the SIS particle filter
largely useless in many applications where one is interested in tracking the underlying
state reliably for more than a few time steps.

In the next section we show that a modification of the sampling scheme considered
so far can produce samples that have a closer distribution to the filter 7#. This yields
a new algorithm that can overcome the degeneracy of the weights with time.
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Remark 3.6 (Importance sampling). In the literature (see [19] for instance) the
term “sequential importance sampling” is generally used to indicate a more general
algorithm than the one we just described. This term is used in the case where the
importance distribution being used in the importance sampling paradigm corresponds
to the law p' of a given (possibly time-inhomogeneous) Markov chain (Z,),>0, which
can differ from the law p of the signal Markov chain (X,)n>0. The idea is to choose an
importance distribution that is as close as possible to the target distribution P*(X,., €
|Y1.n), so to improve the performance of the algorithm and possibly alleviate weights
degeneracy with time. Presently, we limit ourself to describe this more general version
of the SIS algorithm, and we refer to the discussion developed in Section 3.3.3 to
understand why importance sampling can not tackle the curse of dimensionality at a
fundamental level.
To make the point, fix n > 1, define

p'(dxo.y) = p(dro) qi(wo, x1)Y(dwr) - - - gn(Tn—1, n)(dzy),

and assume that for each k € {1,...,n}

(2, 4) € (X, %) —> / g(, 2)0(da’) 1a(2)

is a given transition kernel so that p(x, - )¢ < qi(x, - )Y for each v € X. Then, the
Radon-Nikodym derivative reads
dPy,,,
dp'

(ZL‘ . ) _ l p(x(]axl)g(xl?}/l) . p(xnflaxn) g(xnayn)
" Z ql(anxl) QH(xn—lv-/En)

Y

where Z is defined in (3.1). In this case the self-normalized importance sampling
paradigm yields

N
T f (Y1) = /(SgPYl:n)(de:n) f(xn) = Z W (i) f(Zn(i)),
i=1
where for each i € {1,..., N} the weight recursion now reads

Zn1(1), Zn(i)) 9(Zn(1), Yn)
Gn(Zn-1(1), Zn(i)) ’

(the proportionality is always up to the normalization factor so that S W, (i) = 1),
and each Z (i) := (Zy(i), ..., Z,(i)) is an independent sample from the distribution
/

P, conditionally independent given Y1, ...,Y, (see Remark 2.5). Clearly, if we choose
qi,---,qn Qs

qe(z, 2 )p(da') == P(X}, € do'|X)_1 = x) = p(x, 2" ) (dx'),

W) o Wiy (i) 2 Wo(i) = 1/N,

then we recover the SIS algorithm introduced in the main text. Another popular choice
in the literature is given by

qe(z, 2 )(da’) == P(Xy € da'| Xj—1 =z, Y1) = p(z, ) 9, Yi) WY(dx'),

[ p(z,2) (', Y3) ¥ (da!)
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which yields the following weight recursion
W3 (i) o Wi (i) / P(Zi1 (i), @) (', Vi) wda’),  Woli) = 1/N.

The distribution p™ obtained with this choice is the so-called optimal distribution. In
this context the adjective “optimal” refers to the fact that the conditional variance of
the weights at each time step (given all the samples already generated by the algorithm)
s zero, namely,

Var(W*(i) | Zo(j). k€ {1,....n—1},5 € {1,...,N}) =0,

as W)(i) does not depend on Z,(i), i € {1,...,N}.

3.3 Sequential importance resampling

One of the key property of the filter distribution is that it can be computed recursively:
in order to compute 7 we only need to know 7&_; and Y,, (Lemma 3.3). Despite
the fact that the SIS algorithm has an iterative implementation (Figure 3.2), the way
we derived this algorithm does not capture the recursive structure of the filter, as
the importance sampling paradigm was applied to the entire smoothing distribution
P*(Xo.n € - |Y1), for a fixed time n.

It seems natural to seek for a Monte Carlo approximation that can match the
recursive nature of the filter. The most popular algorithm of this type is the sequential
importance resampling (SIR) particle filter (also known as bootstrap particle filter)
introduced in 1993 by Gordon, Salmond and Smith in 1993 [2%], which simply inserts
a sampling step in the filter recursion. To define this algorithm, let us rewrite the

Bayes recursion as follows:

T = i, = Frt | (n>1),
where d N b(da! 'y ,
(Fp) o 20T ) D) (' Y0) F(a')

[ pldz) p(z, 2") p(da’) g(2', Yy)
It is instructive to write the recursion F,, := C,P in two steps:

prediction correction

" " o "
T —— Pm,_ —— nh =C,Pnl_4,

n—1

where

(Po)f = / plde) ple, ') (de’) F(2),

[ pldz) g(z,Yy) f(2)
(Cap)f = oD )

In the prediction step, the filter 7-_; is propagated forward using the dynamics of
the underlying unobserved process (X,,),>0 to compute the predictive distribution
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PH(X, € -|Y1,...,Y,_1). Then, in the correction step the predictive distribution is
conditioned on the new observation Y,, to obtain the filter 7.

The SIR algorithm approximates 7/ by the empirical distribution 7% computed
by the recursion

AL VRN
Ty = W, =kt (n>1),

where F,, := C,SVP consists of three steps

prediction sampling correction

- p - p Npap - Npa#
Ty, — Pal_y — S"Pal_, — @b :=C,S7PAl_;.

Here N > 1 is the number of particles used in the algorithm, and S is the sampling
operator defined in Definition 2.16.

It is straightforward to check that if Z ~ p and Z' ~ P(Z, -), then Z' ~ Pp. So,
at each time step n > 1, in order to draw N independent samples from P7" | the
SIR algorithm draws N independent samples from 7% _,, namely,

n—1»
Zpa (1) ~ 7k ie{l,...,N},
and then samples
X (i) ~ P(Z,4(1), +) ie{l,...,N}.

Then

and by applying C,, we finally get

N
i = CSNPRL_ = Y Wali) Ox, ),

where
_ g(X().Ya)
Zévzl 9<Xn(£)u Yn)

Instead of repeatedly updating the weights as in the SIS algorithm, cf. (3.2), the SIR
algorithm resets all the weights to 1/N at each iteration, before updating them in
the correction step using the likelihood of the new observation. The implementation
of the algorithm is described in Figure 3.4.

The process of sampling from the distribution 7%, is usually referred to as the
resampling step, as N particles are sampled from an empirical measure that is itself
defined via N particles, specifically,

W, (i) : e{1,...,N}. (3.4)

N
A= Waa(D)ox, ) Xao1(1),..., X (N) are iid. ~ Pil_,.
=1

'In the SIR algorithm the sampling operator is applied iteratively in time. At each iteration
of the algorithm, samples are drawn conditionally independent given the collection of all random
variables generated by the algorithm up to that iteration.
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Algorithm 2: SIR particle filter / Bootstrap particle filter

Data: Fix n, N > 1. Let the observations Yi,...,Y, be given.

Let 7 = u;

for k=1,...,ndo
Sample i.i.d. Z,_1(i), ¢ = 1,..., N from the distribution 7} _;
Sample X (i) ~ p(Zi_1(7), - )dp, i =1,..., N;
Compute Wy(i) = g(Xx(1), Yi)/ o0, 9(Xi(0), Y3), i =1,..., N;
Let 7 = S0 Wi(i) dx, )

Compute the approximate filter 7#f ~ 7/ f.

Figure 3.4: The classical sequential importance resampling (SIR) particle filter.

(a) (b) (c) (d)

Q (e}
@ s
3 particles
@ et ° @
2 particles A & Py
° (7]
(6]
o °
o o
~ N~ N N A
Tn—1 STPT, 1 T =CnS" Pmt,, 1

Figure 3.5: Representation of a single iteration of the SIR particle filter with X =
Y = Ri and N = 6. Each particle is represented by a blue ball, whose size
is proportional to the weight of the particle. (a) Representation of #,_1. (b)
Resampling step: N particles are sampled independently with replacement and
weights are reset to 1/N. If a number m is attached to a particle, then there are
m particles sharing the same location. (c) Particles are propagated forward using
the underlying dynamics. (d) Particles are reweighed according to the likelihood of
the new observation at time n (whose level sets are drawn in orange) yielding 7,
following the weight recursion (3.4).

In the resampling step particles with with low weights are less likely to be sampled
than particles with high weights. So, in the resampling step some of the particles
with low weights will disappear, while particles with large weights will be sampled

more than once. Figure 3.5 illustrates a typical iteration of the algorithm.

The resampling step is the basic mechanism that allows the SIR algorithm to
overcome the weight impoverishment problem of the SIS algorithm with time (Section
3.2.1). In the next section we make this intuition precise by providing a detailed error

analysis for the SIR particle filter.
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3.3.1 Filter stability and time-uniform error bounds

While the convergence analysis for the SIS particle filter is straightforward as the
algorithm is defined in terms of a collection of independent particles, for the SIR
algorithm the situation is more involved as at each iteration the resampling step
introduces dependency among particles (for example, recall that particles with high
weights are likely to be duplicated). Nonetheless, it is easily shown that for each
n > 1 the particle filter 7% converges to the exact filter 7% as N — co. To gain some
insight into the approximation properties of the SIR particle filter, let us perform
the simplest possible error analysis. Recall from Section 2.3 the following distance
between (possibly random) probability measures p, p’ on X:

llo— o'l == S}‘LPI VE(pf —p'f)2

From Lemma 2.10 and Lemma 2.17 we have

1
Po—Poll<lp= 7l -S| < —.
IPp—PAlll < llo — Al llp p\ll_m

Let us assume for simplicity that the observation density g is bounded away from
zero and infinity, that is, x < g(x,y) < k7! for some 0 < x < 1. From Lemma 2.9
(choosing g(x) := g(z,Y,)) we obtain

ICp = Car'll < 26720 = £l

Putting these bounds together and using the triangle inequality for the metric || - ||
we find

IFnp = Fup'll = 1CaPp — CuSVPIl < 2672 {{IPp — PY|| — [P’ — S¥PA|}

1
<27 |lp—p' +—}.
<2{llo -+

By iterating this inequality n times, using that 7 = 7}y, we find

. _ R 1
It — 72| < 26 { It — 7]+ —} <

VNJ T VN’

with i
Cy = 2(2/{_2)i.
i=1

So, for a fixed time n > 1 the bootstrap particle filter does indeed approximate the
exact nonlinear filter as the number of particles N goes to infinity, with the typical
Monte Carlo 1/4/N-rate.

In many applications, however, one needs to have good estimates for the filter at
arbitrary times. This is the case, for instance, of target tracking, where the goal is to
continuously track the location of the target. The analysis that we have performed so
far does not guarantee that the SIR particle filter can be successfully applied to this
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end, as (), grows exponentially in time n. Fortunately, the exponential growth of the
error is an artifact of our crude bound and typically does not occur in practice. The
reason why the constant C,, obtained above growths with time is that we have per-
formed a recursive error analysis of the algorithm: we bounded the error committed
at each time step, and we naively iterated this bound for n steps, so that the error
accumulates over time.

We presently show that a more refined analysis that exploits the behavior of the
filter distribution itself—instead of working at the level of the filter recursion—yields
the following time-uniform error bound:

b anp < C
Sup Iy — A5l < ik
where C' is a constant that does not depend on time. This is the reason why the SIR
algorithm has proved to perform extraordinarily well in many classical applications
such as target tracking, speech recognition, and finance [3].

The property of the filter that allows this analysis is the so-called filter stability
property, which roughly says that 7# forgets its initial condition p as n — oco. As first
realized by Del Moral and Guionnet in 2001 [15], the stability property provides a
dissipation mechanism that mitigates the accumulation of approximation errors over
time, yielding time-uniform error bounds. In the reminder of this section we make
this idea precise under certain (strong) conditions.

Recall that both the filter and the SIR particle filter are defined recursively:

mh=F,---Fipy, ﬁﬁ::ﬁn---f:lu, n>1,

where F, := C,P, F, := C,SVP, and 7y = @ = p. The basic idea that allows to
prove time-uniform bounds for the bootstrap particle filter is based on the following
simple error decomposition [3]. If we write 7/ — 7# as a telescoping sum:

n

775 - ﬁﬁ - Z{Fn e Fs—&-lFsl/is—l e Ilil,u - Fn e Fs+1|lis|%s—1 e IELLL},

s=1

then by the triangle inequality we get
it =l < D lFn- - FopaFoly — P - Foa Pl . (3.5)
s=1

The s-th term in this sum could be interpreted as the contribution to the total error
at time n due to the filter approximation made at time s. The key insight is now that
one can employ the filter stability property to control this sum uniformly in time.

The following theorem establishes filter stability in its simplest form, under a
certain ergodicity assumption on the signal process called mizing condition. As shown
in Lemma 2.10, this condition causes the signal (X,,),>o itself to forget its initial
condition at an exponential rate, and the following results shows how the filter inherits
this property.
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Theorem 3.7 (Filter stability, inheritance). Suppose that the transition density p
satisfies the following mixing condition: there exists a constant 0 < € < 1 such that

e <ple,z) <e? for all z,z € X.

Then, for any two (possibly random) probability measures p and p' on (X, X) we have,
forn > s,

IFy - Fopip—Fn-- - Foapl| <2721 =)o — o
Proof. For each 1 < k < n define the (random) transition kernel
Ky (2, A) == P(X € Al X1 = 2, Y1),

Proceeding as in the proof of Lemma 3.3, as Kjyp,(, -) is the marginal of the distri-
bution P(Xk.,, € - |Xx—1 = 2, Y1.,) on the X}, coordinate, it is easy to verify that

fp z, ' 1/}(dl‘/) 6k|n(x/7 }/;c—‘,—l:n) g(:L", Yk) ]_A(J}/)
fp z, xl) ¢(d$/) ﬂk|n(wla Y}H—l:n) g(:)ﬁ', Yk’)

where (3, can be defined through the backward recursion

Bk|n(‘r7 Yk+1:n) = /p(xa $/)¢<d$/> g(l’/, }/k—i—l) 6k+1|n(x/7 Yk+2:n)7 /6n|n =1

By the Markov property it is easy to verify that conditionally on Y7, ..., Y, the random
variables Xy, ..., X,, follows the law of a Markov chain. In fact, for each 1 < k <n
we have

P(Xk € A|X0:k—17}/i:n) = Kk|n(Xk—1a A)

and for any probability measure p on (X, X) and any real-valued measurable function
f we have

(Fn e Flp)f - /PP(XOIn S dIO:nD/l:n) f(xn>

Z/Pp(Xo€d$o|Y1n H P(Xy € dag|Xos—1 = Tok—1, Y1in) f(n)

= ,00|nK1|n to Kn|nf7

where we have defined pg, := P?(Xy € -|Y1.,). By the same argument, as F,,---F,
and F,, ---Fgyq, for any 0 < s < n, differ only in that a different sequence of observa-
tions (Y,...,Y, versus Y;,q,...,Y,) is used in the computation of these quantities,
we have

Fn te Fs+1p = ps\nKs+1|n to Kn|n>
and it is easy to check that

fp Bsm x Y:e+1 n) 1A( )
f (d&:) 68\n($>}/;+1:n)
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Therefore, by Lemma 2.10 and Lemma 2.9 we have

|||Fn T Fs+1p - Fn T Fs+110/”’ = ‘Hps\nKs—‘rlln e Kn\n - p;|nKs+1\n e Kn|n”’
< (1 =)l psin — Pyl

WPex ol Tasto) (o ),

< 2-
lnmeX Bs\n(xa Y:s—f—l:n)

The proof is immediately concluded once we notice that by the mixing conditions we
have
eC S ﬂs|n<x7 }/s—i—lzn) S 5_107

where

C ::/g(l’/,YsH)ﬁs+1|n(I'aYs+2:n)-
]

Under the mixing condition for the signal, Theorem 3.7 tells us that the filter for-
gets its initial condition at a geometric rate. This also means that past approximation
errors are forgotten at an exponential rate: if we substitute the stability property in
the error decomposition (3.5), we obtain

n
ity = 7l < Y 26721 = )" S|Py — Byl < 26" sup [[Fup — Fuplll:
s=1 P
Thus, if we can control the error ||Fn.p — F,p|| in a single time step, we obtain a
time-uniform bound of the same order. In the case of the bootstrap particle filter, if
k < g(z,y) < k™1, we have that

N 2Kx2
F,o—E,.oll = IC,Pp — C,SVPp|| < ,
IFnp pll = IC.Pp ol i

and we obtain a time-uniform version of the crude error bound:
2 1
VN
Let us remark at this point that the basic error decomposition discussed above
allows us to separate the problem of obtaining time-uniform bounds into two parts:
the one-step approximation error and the stability property. The development of

these ingredients constitutes the bulk of the framework that is introduced in Chapter
4 to deal with filtering problems in high dimension.

sup || — whll| < 47w
n>0

Remark 3.8 (Results in the literature). In [15] Del Moral and Guionnet prove several
time-uniform error bounds for the SIR algorithm, under assumptions on filter stability
that are also weaker compared the one considered in Theorem 5.7. Presently, we limit
our treatment the basic ideas that are instrumental for the framework that will be
developed in Chapter 4.
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3.3.2 The curse of dimensionality.

While the SIR algorithm provides estimates that have error bounds uniform with
time, it turns out that this algorithm suffers severely from the curse of dimensionality
with respect to the spatial dimension of the model. It is far from obvious at this
point why this should be the case. Indeed, the state spaces X and Y have only been
assumed to be Polish (a mild technical assumption meant only to ensure the existence
of regular conditional probabilities), and no explicit notion of dimension appears in
the above error bound. To understand why the bound

B ap i

Sup ey = sl < TN

is typically exponential in the model dimension, we must consider a suitable class of

high-dimensional models in which the dependence on dimension can be explicitly in-

vestigated. In the present section we consider a simple class of trivial high-dimensional

models that is useless in any application, but is nonetheless helpful for the purpose of

developing intuition for dimensionality issues in particle filters. Moreover, this trivial

class of models represents the backbone of the more realistic framework that will be

considered in the next two chapters (see Section 4.1).

In a d-dimensional model, X,, and Y,, are each described by d coordinates: X!, Y},

i € {1,...,d}. To construct a trivial d-dimensional model, we simply start with a

given one-dimensional model and duplicate it d times. That is, let (X’n, ffn)nzo be a

hidden Markov model on X x Y with transition density p and observation density §
with respect to reference measures @/; and @, respectively. Then we set

X=X, Y=Y, ¢=¢% p=¢
and

p(iL‘,Z) = Hﬁ(xlv Zi)? g(:ic,y) = Hf](xlayz)a

so that each coordinate (X!, Y?),s¢ is an independent copy of (X,,Y,)ns0. The
(trivial) dependency structure of this model is represented in Figure 3.6. Note that
we have used the term d-dimensional in the sense that our model has d independent
degrees of freedom: each degree of freedom can itself in principle take values in a
high- or even infinite-dimensional state space X x Y. This is, however, precisely the
notion of dimension that is relevant to the curse of dimensionality (in [, 17] this idea
is sharpened by a notion of “effective dimension”).
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Figure 3.6: Dependency graph of a (trivial) high-dimensional filtering model.

In this trivial setting, it is now easily seen how the curse of dimensionality arises in
our error bound. Indeed, let us assume again for simplicity that x < §(z,7) < s~ for
some 0 < k < 1. Then k% < g(z,y) < k¢, so we obtain a bound that is exponential
in the dimension d even after only one time step:

25—2d

ey = 7l <

An inspection of our bound clarifies the source of this exponential growth: even
though the Monte Carlo sampling itself is dimension-free (||p — S¥p|| < N=1/2 inde-
pendent of dimension, see Lemma 2.17), the correction operator C,, which is highly
nonlinear, blows up the sampling error exponentially in high dimension. In particular,
it is evidently the dimension of the observations, rather than that of the underlying
model, that controls the exponential growth in our error bound.

Of course, the above analysis is far from convincing. First of all, we have only
proved a rather crude upper bound on the approximation error, so that it might be
possible that a more sophisticated bound would eliminate the exponential depen-
dence on dimension as was done using the filter stability property to eliminate the
exponential dependence on time. Second, one could argue that our strong notion
of approximation with respect to the ||-||-norm is too restrictive to give meaningful
results in high dimension (which is in fact the case: we will later consider local error
bounds instead), so that a weaker notion of approximation might avoid the expo-
nential dependence on dimension. Unfortunately, the much more delicate analysis of
Bickel et al. [1, 17] demonstrates conclusively that the curse of dimensionality of the
bootstrap particle filter is a genuine phenomenon and not a mathematical deficiency
of our analysis, as we will briefly explain presently. Nonetheless, both the ideas raised
above to eliminate the exponential dependence on dimension will play an important
role in the framework developed in Chapter 4.
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3.3.3 Sample degeneracy with dimension

The reason why the SIR algorithm performs poorly when the model dimension is
high is essentially the same reason why the SIS algorithm behaves badly when the
time-horizon is large, and it has to do with the fact that the importance sampling
paradigm is typically very inefficient in high-dimensional models. As the SIS algo-
rithm approximates the smoothing distribution P#(Xy., € -|Y1.,), the dimension of
interest in that case is time: weight degeneracy occurs as n increases’. On the other
hand, in the current analysis of the SIR algorithm in the trivial model at hand, the
dimension of interest is the number of hidden Markov chains in the model: weight
degeneracy occurs as d increases, and it is manifested even in a single iteration of the
algorithm, as the following two examples illustrate.
This example represents the analog of Example 3.4 for the SIR algorithm.

Example 3.9 (Weight degeneracy of SIR with dimension). In the framework intro-
duced in Section 3.5.2, consider the hidden Markov model where (X,,)n>0 is a sym-
metric random walk in 7, d > 1, with Xo = « € Z¢, and for each n > 1 we have
Y, = X, + enn, where € € Ry and (n,)n>0 s a collection of i.i.d. random variables
having the standard Gaussian distribution in R (that is, zero mean and identity co-
variance matriz). We now look at the first iteration of the SIR algorithm. If the
signal-to-noise ratio is high, that is, if € is very close to 0, then we expect the distri-
bution P*(X; € -|Y] = y1) to be very concentrated around X1, the true location of the
signal at time 1. However, if we sample N particles from the distribution P*(X; € -),
then on average only N/2¢ particles will be close to Xy, and the weight degeneracy gets
exponentially worse as the dimension d increases. Figure 3.7 represents this scenario.

The following asymptotical analysis (in the limit N — o0o) gives another quick
illustration of the degeneracy in dimension of the SIR algorithm. This example is the
analog of Example 3.5 in space.

Example 3.10 (Exponential growth of the SIR asymptotic variance with dimension).
Consider the (trivial) d-dimensional model introduced in Section 3.3.2. Let i be a
probability measure on X, and define p = i®* on X. Let f be a measurable function
on X such that f(x) = f(Z) whenever z° = &, for a certain £ € {1,...,d}. Then,

in distribution

N'Y2(ahf — 7t f) ——— Gaussian (0,05(f)) as N — oo,
with
oa(f) = c(f)y",

where c(f) and v are constants that do not depend on d, c¢(f) > 0 as long as f is not
a constant, and v > 1 as long as the observation density g is different from 1.

2Note that in our analysis of the SIS algorithm we ignored the curse of dimensionality with
respect to the model dimension. This issue is exactly the same as for the SIR algorithm, as this type
of weight degeneracy already appears in one iteration of the SIR particle filter. See Section 3.2.1.
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Figure 3.7: Representation of the first iteration of the SIR particle filter applied
to the hidden Markov model described in Example 3.9, with N = 4 particles and
z = 0. Pictures (a), (b) and (c) refer for the case d = 1, while pictures (d), () and
(f) refer for the case d = 2. Each particle is represented by a blue ball, whose size
is proportional to the weight of the particle, and orange curves represents the level
sets of thelikelihood function. As symbolically represented, after the first iteration
of the algorithm only an average of N/2¢ particles have meaningful weights, which
is a manifestation of the curse of dimensionality.

For each x € X,y € Y define

9(z.y)
[ i(dz) Bz, x) ¥(dx) Gla,y)

g(z,y) =

Then, for each N > 1 we have
N~V SN (PG (@) = i) T, 900 @), Y
N-1 Zf\il Hk:1 9(XT (), YY)

where (X1(i))i=1..~ 15 a collection of i.i.d. random wvariables with distribution

= [ T A(d=")p(=", ) d(da) 14
By independence, for each i we have

d
E [,

NY2(qhf — , (3.6)

™ f) =

(x), conditionally independent given Y;.

1 (0), Y1)|YT)

/ )il

and the strong Law of Large Numbers yields, as N — oo,

d
E ]
k=1

x) ¥(dz) gz, YY) = 1,

- 1lees
I

almost surely

N d
N~ ZHg<X{C(l)J§/1k) E— Xf(l)vylk) =1
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for the denominator in (3.6). On the other hand, as

T = / [T ") 52", %) da*) g%, V) f (),

by independence it 1s immediately verified that

d
E(f( _771 H :0
k=1
and )
oi(f) :=E ((f( ) =71 f) H ) =c(f)y",
where

«(f) = E / (d2") (2", 2) B(da?) (f(x) — b )2 g(at, V)2,
7= B [ () ple.) b(dn) g,V

The Central Limit Theorem yields that the numerator in (3.6) converges in distribu-
tion as N — oo to a Gaussian distribution with mean 0 and variance o3(f). There-
fore, it is immediate that also (3.6) converges in distribution to the same Gaussian
distribution. Applying Jensen’s inequality twice we immediately get that v > 1 as long
as g is different from 1.

The key obstacle when the observations are high-dimensional is that the posterior
measure C,p is nearly singular with respect to the prior measure p (cf. Proposition
2.14). In particular, a point that has high likelihood under p has likelihood under C,,p
that is exponentially small in the dimension. Therefore, if we draw a fixed number
N of samples from p, then with very high probability every one of these samples
will have exponentially small likelihood under C, p and, as is common in rare-event
scenarios, the least unlikely sample will be exponentially more likely than any of
the other samples. Thus C,S¥p will put almost all its mass on the sample with
the largest likelihood, which yields effectively a Monte Carlo approximation of C,p
with sample size 1 rather than N. This situation is illustrated in Figure 3.8. This
weight degeneracy phenomenon rules out any meaningful form of approximation in
high dimension. In [4, 47], a careful analysis shows that the collapse phenomenon
occurs unless the sample size N is taken to be exponential in the dimension, which
provides a rigorous statement of the curse of dimensionality.

Remark 3.11. (Curse of dimensionality and sample degeneracy) Sample degeneracy
1s the manifestation of the curse of dimensionality phenomenon in particle filters, but
it does mot coincides with it. For instance, particle degeneracy appears also in low
dimensional models if the noise driving both the dynamics and the observation is low

[61].
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Figure 3.8: Illustration of weights degeneracy with model dimension in a typical
iteration of the SIR particle filter. (a) Probability measures in low dimension. (b)
Probability measures in high dimension (low-dimensional representation). In high
dimension p and C,p tend to put mass on different portions of the space. This is
the reason why already after a single iteration of the SIR particle filter only a small
fraction of samples (in fact, a fraction that is exponentially small in the dimension)
is relevant in the algorithm. Each sample X from p is represented by a blue ball
whose size is proportional to the likelihood ¢(X,Y,,), as prescribed by the weights
definition (3.4).

Despite that the SIR particle filter suffers from the curse of dimensionality when
applied to the full (trivial) model of Section 3.3.2, it is obvious in this case that one
can surmount this problem in a simple fashion: as each of the coordinates of the
high-dimensional model is independent, one can simply run an independent SIR filter
in each coordinate. It is evident that the local error of this algorithm (that is, the
error of the marginal of the filter in each coordinate) is, by construction, independent
of the model dimension d. In this sense, this trivial model shows that it is indeed
possible to filter very efficiently regardless of the ambient dimension (though not with
the SIR particle filter, which fails spectacularly). Chapter 4 builds on this intuition
by considering a more general class of models and by developing a sampling strategy
that can overcome the weights degeneracy with model dimension.

Remark 3.12 (Smoothing in high dimension). If, instead of computing the fil-
ter P(X,, € -|Y1,...,Y,), we wish to compute the full conditional path distribution
P(Xo,..., X, € -|Y1,...,Y,) (known as the smoothing problem), then Markov Chain
Monte Carlo (MCMC) methods can be successfully employed in high dimension. How-
ever, this procedure requires the entire history of observations and is not recursive,
so that it cannot be implemented on-line and is impractical over a long time horizon
(cf. [3]). The crucial question to be addressed is therefore whether it is possible to
develop filtering algorithms that are both recursive and that admit error bounds that
are uniform in time and in the model dimension.
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Remark 3.13 (Importance sampling). As in the case of the SIS algorithm (cf.
Remark 3.6), also the SIR algorithm can be described as an instance of the self-
normalized importance sampling paradigm introduced in Section 2.5, and different
importance distributions can be considered. While the practical performance of the
SIR algorithm can be largely improved by working with importance distributions that
are tailored to the specific model being investigated, the benefit is limited to reducing
the constants sitting in front of the error bounds, and this technique does not provide
a fundamental solution to the curse of dimensionality. A new paradigm is needed, as
we will see in the next chapter.

Presently we link our formulation of the SIR algorithm with the one usually consid-
ered in the literature (see [19] for instance). First of all, notice the following identity’
which holds for each n, N > 1, and for each probability measure p on (X, X):

C.SNp = Si)VCnp.
In fact, by definition of C,, and S we have
Yoy 9(X (), Ya) Oxgi
> 9(X (), V)

On the other hand, as the Radon-Nikodym derivative between C,p and p reads

dp [ p(dz) g(x,Y,)’

from the definition of Sf)\[ (Definition 2.18) we have
S “GHX () oxq)
S MG X(@)

Therefore, the SIR algorithm introduced in the main text can formulated as follows:

C,SYp =

, X(1),...,X(N) are i.i.d. samples ~ p.

Sﬁ,VCnp = = CnSNp.

importance
prediction correction sampling N
i, —— Pal_, —— C,Pal_, —— @k =S C,Pa,_,,

where the importance distribution is A, = Pt _,
The so-called “optimal” distribution is given by the choice Nt = C,Prk_,. As
Sﬁfp = SNy, this choice yields the following algorithm

prediction correction sampling

At — PR, ——— C,Pa" —>7T“:SNC Pt
n—1 n—1 n—1

To see that this algorithm corresponds to the “optimal” SIR partzcle filter (cf [19]),
note that sampling from the measure C,P7h | where 7t | = ZZ 10x,_1(), can be
implemented as follows. Define two random variables X and Z with joint distribution

1 (d2) p(z,2) p(dr) g(z,Y,)
fﬂn ((d2) p(z,2) p(dz) g(x,Y,)’

3Here we assume that the samples X (1),..., X(N) generated by SV p are the same as the samples
generated from Sf,v , which is why we speak of identity between C,,S"Vp and Sév Cpp-

M(Z € dz, X € dx) =
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and note that M(X € -) = C,Pa"_,. To sample X ~ M(X € -) we can do the
following:

~ #h_1(dz) [p(z,2) o(dz) g(z,Yn) N . .
1. sample Z ~ M(Z € dz) = fﬁijl,l(dz)i(z,x)i(dm)z(x,Yn) = > i Wi(i) 0x,_,()(dz);

2. sample X ~ M(X € dz|Z = Z) = fp;(Zzlf;;";‘(ij;;’;fg’:;Z),'

where we have defined the “optimal” weights

fp(anl(Z)v x,) w(diﬁ) g(x’, Yn)
Sict [ p(Xaa (i), @) Y(dw) g2, V)
Even if we were able to sample from the weighted measure C,P7h | as described above,

this would still not resolve the curse of dimensionality in the filtering context. Indeed,
the error between m) = Fiu and 7' = Fip would be dimension-free, namely,

Wx(i) ==

) 1
Imy — 741 = IC:Pp — S CiPull < —=

ik

but the error between w = For!' and 75 = For" would again exhibit exponential
dependence on the dimension due to the sampling performed in the first time step.
The curse of dimensionality would therefore still arise due to the recursive nature of
the filtering problem (see also [/0]).
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Chapter 4

Block particle filter

This chapter is to develop the main framework of local particle filters that can over-
come the curse of dimensionality. This is achieved by providing a detailed analysis of
the block particle filter that we presently introduce. Emphasis is given to the decay of
correlations property, which is seen to be the key to establish spatially uniform error
bounds, thus representing the spatial counterpart of filter stability. The material here
presented builds on the ideas introduced at the end of the previous chapter, and it is
instrumental for the next chapter. This chapter is based on the paper [10].

4.1 Filtering models in high dimension

In order to investigate filtering problems in high dimension in a systematic way, we
presently introduce a class of high-dimensional filtering models that will provide the
basic framework to be investigated throughout this chapter and the next one. In these
models, the state (X,,,Y,) at each time n is a random field (X}, Y,"),cv indexed by
a (finite) undirected graph G = (V, E'). The graph G describes the spatial degrees of
freedom of the model, and the underlying dynamics and observations are local with
respect to the graph structure in a sense to be made precise below. The dimension
of the model should be interpreted as the cardinality of the vertex set V', which is
typically assumed to be large. Our aim is to develop quantitative results that are,
under appropriate assumptions, independent of the dimension card V.

We now define the hidden Markov model (X,,, Y},)n>0 to be considered in the sequel
(we will adopt throughout the basic setting and notation introduced in Section 3.1).
The state spaces X and Y of X, and Y,,, and the reference measures ¢/ and ¢ of the
transition densities p and g, respectively, are of product form

x=[[x, v=[]y, ¢=Qv. =R
veV veV veV veV

where ¢” and ¢" are reference measures on the Polish spaces X" and YV, respectively.
The transition densities p and ¢ are given by

p(z.2) = [[p°(=,2"), g(z,y) =[] 9°(=".9"),

veV veV
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Figure 4.1: Dependency graph of a high-dimensional filtering model of the type
considered in this chapter.

where p’ : X x XY — R, and ¢* : X¥ x YV — R, are transition densities with respect
to the reference measures " and ¢", respectively.

The spatial graph G is endowed with its natural distance d (that is, d(v,v’) is
the length of the shortest path in G between v,v" € V). Let us fix throughout a
neighborhood size » € N, and define for each vertex v € V' the r-neighborhood

N():={v" eV :d(v,v") <r}.

We will assume that the dynamics of the underlying process (X,,),>0 is local in the
sense that p¥(x, 2¥) depends on V™) only (we write 27 = (29);c; for J C V):

N(v) N(v)

p’(z,2%) = p'(Z,2°) whenever " =Zz"\".

That is, the conditional distribution of X given Xy, ..., X,,—1 depends on X,JL\:(T) only.
Similarly, by construction, the observations are local in that the conditional distribu-
tion of Y)Y given X,, depends on X only. This dependence structure is illustrated in
Figure 4.1 (in the simplest case of a linear graph G with r = 1).

Markov models of the form introduced above appear in the literature under various
names, such as locally interacting Markov chains or probabilistic cellular automata
[16, 35]. Such models arise naturally in numerous complex and large-scale applica-
tions, including percolation models of disease spread or forest fires, freeway traffic
flow models, probabilistic models on networks and large-scale queueing systems, and
various biological, ecological and neural models. Moreover, local Markov processes
of this type arise naturally from finite-difference approximation of stochastic partial
differential equations, and are therefore in principle applicable to a diverse set of
data assimilation problems that arise in areas such as weather forecasting, oceanog-
raphy, and geophysics (cf. Section 4.4.4). While more general models are certainly
of substantial interest, the model defined above is prototypical of a broad range of
high-dimensional data assimilation problems and provides a basic setting for the in-
vestigation of filtering problems in high dimension.
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4.2 Decay of correlations and localization

As was explained in Section 3.3.2, the SIR particle filter is not well suited to address
high-dimensional filtering models: the approximation error generally grows exponen-
tially in the model dimension card V. However, in the trivial case when the signal
dynamics does not couple neighbors, that is, 7 = 1 (this is the analogue of the trivial
model introduced in Section 3.3.2), we know an algorithm that can overcome the
curse of dimensionality: we can simply run the SIR particle filter independently to
each of the chains constituting the model. Clearly, in this way the error bound per-
taining each single marginal of the model (that is, each chain) is, by construction,
independent of the model dimension.

When the signal dynamics couples neighbors (r > 1), however, the law of the
model at each spatial location is no longer independent. Nonetheless, large-scale
interacting systems can exhibit an approximate version of independence among coor-
dinates: this is the decay of correlations phenomenon that has been particularly well
studied in statistical mechanics (see, e.g., [27]). Informally speaking, while the states
(X7, YY) and (X, Y") at two sites v,w € V are probably quite strongly correlated
when v and w are close together, one might expect that (X, YV) and (X¥,Y") are
nearly independent when v and w are far apart as measured with respect to the nat-
ural distance d in the graph G. The idea is that due to the decay of correlations, also
in the care r > 1 the model can be “locally low-dimensional”, in the sense that the
conditional distribution of each coordinate only needs to be updated by observations
in a neighborhood whose size is independent of the ambient dimension. Roughly
speaking, the “local dimension” of the model is the number of coordinates in a ball
whose radius is the correlation length of the filtering distribution.

As seen in Section 3.3.1, the sampling step added to the original filter recursion is
the key to exploit algorithmically filter stability and get particle filters (i.e., the SIR
particle filter) that yield time-uniform error bounds. In this chapter we will demon-
strate that proper forms of localization of the filter recursion can be used to exploit
algorithmically the decay of correlations property and to design local particle filters
that yield error bounds that are uniform both in time and in the model dimension.

A speculative back-of-the-envelope computation explains how this might work.
Due to the decay of correlations, the conditional distribution of the site X given
the new observation Y;, should not depend significantly on observations Y at sites
w distant from v. Suppose we can develop a local particle filtering algorithm that
at each site v only uses observations in a local neighborhood K of v to update the
filtering distribution. As we have now restricted to observations in K, the sampling
error at each site will be exponential only in card K rather than in the full dimension
card V. On the other hand, the truncation to observations in K is only approximate:
the decay of correlations property suggests that the bias introduced by this truncation
should decay exponentially in diam K. Therefore,

ecard K

VN

error = bias + variance ~ ¢~ MK
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If the size of the neighborhoods K is chosen so as to optimize the error, then the
resulting algorithm is evidently consistent (with a slower convergence rate than the
standard 1/v/N Monte Carlo rate: this is likely unavoidable in high dimension) with
an error bound that is independent of the model dimension card V.

4.3 Block particle filter

In this chapter we will investigate in detail the simplest possible local particle fil-
tering algorithm that can exploit decay of correlations properties of the underlying
filtering model, the block particle filter. While this algorithm possesses some inherent
limitations (see Section 4.4.3 below), it is the simplest local algorithm both mathe-
matically and computationally, and therefore provides an ideal starting point for the
investigation of particle filters in high dimension.

To define the block particle filtering algorithm, we begin by introducing a partition
X of the vertex set V' into nonoverlapping blocks: that is, we have

V=|JK  EnK=gfoK#K, KK cX.
KeX
We now define the blocking operator

Bp = ® BXp,

KeX

where for any measure p on X = &), ., X" and J C V' we denote by B’p the marginal
of pon @,.; X". The random field described by the measure Bp on X is independent
across different blocks defined by the partition X, while the marginal on each block
agrees with the original measure p. The block particle filter inserts an additional
blocking step into the SIR particle filter recursion: that is,

S VRN
Ty = W, at=F, 7l (n>1),

where F, := C,BSVP consists of four steps

prediction sampling N
Thn—1 —_— P7Tn_1 — S P7Tn_1
blocking correction

- BSYP#,;, —— #,:=C,BS"P#, ;.

The resulting algorithm is given in Figure 4.2. Figure 4.3 illustrates a typical iteration
of the algorithm. In the special case X = {V'}, the block particle filter reduces to
the SIR particle filter, so that the former is a strict generalization of the latter (we
have therefore not introduced a separate notation for the SIR particle filter: in this
chapter, the notation 7# always refers to the block particle filter).

The introduction of independent blocks allows to localize the algorithm, which
will be crucial in the high-dimensional setting. We can immediately see this fact if
we apply the block particle filter to the trivial model obtained with » = 1: choosing
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Algorithm 3: Block particle filter

Data: Fix n, N > 1. Let the observations Yi,...,Y, be given.
Let 78 = p;
for k=1,...,ndo
Sample 1.i.d. Z;_1(7),i=1,..., N from the distribution 7}_,;
Sample X} (1) ~ p*(Zk—_1(i), - )dy*,i=1,...,N, v € V;

Ky Ioex 9" (Xp60),Y) _— i
Compute W,* (i) = SV IE_IIzng”IEX}:(fI;va”)’ i=1,...,N, K € X;

A~ N .
Let 7, = ®Keﬂ< dim1 WkK(Z) 5)(5(1')?
Compute the approximate filter 7#f ~ 7/ f.

Figure 4.2: The block particle filtering algorithm considered in this chapter.
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Figure 4.3: Representation of a single iteration of the block particle filter, with
X =Y = ]R%r and N = 6. Each particle is represented by a ball, whose size
is proportional to the weight of the particle. (a) Representation of #,_;. (b)
Resampling step: N particles are sampled independently with replacement and
weights are reset to 1/N. (c¢) Particles are propagated forward using the underlying
dynamics. (d) Blocking step: grey balls represent the “ghost” particles that are
generated by shuffling the coordinates of the existing N particles (blue balls). (e)
Particles are reweighed according to the likelihood of the new observation at time
n (whose level sets are drawn in orange) yielding 7,.
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X = Uyev{v} the algorithm reduces to applying the SIR particle filter independently
to each of the chains constituting the model; that is, we recover the original algorithm
that motivated our discussion in the first place.

The rest of the chapter is devoted to showing that the localization procedure
introduced by the blocking step can indeed overcome the curse of dimensionality
even in the more realistic case of a coupled dynamics, r > 1 (proofs are provided in
Appendix A). Note that in this case the blocking step introduces some bias in the
algorithm, so that the estimates given by the block particle filter do not converge to
the exact filter distributions as the number of particles N goes to infinity. However,
the hope is that by introducing a small amount of bias in the algorithm, its variance
can be reduced significantly.

In fact, it is immediately evident from inspection of the block particle filtering
algorithm that only observations in block K are used by the algorithm to update the
filtering distribution in block K. Therefore, following the heuristic ideas discussed in
the Section 4.2, we expect that the sampling error of the algorithm is exponential in
card K rather than in the model dimension card V. To control the bias introduced
by the blocking step, note that the blocking operator Bp decouples the distribution
p at the boundaries of the blocks. The decay of correlations property (if it can
be established) should cause the influence of such a perturbation on the marginal
distribution at a vertex v € K to decay exponentially in the distance from v to the
boundary of the block K. Thus the back-of-the-envelope computation in Section
4.2 applies to the local error at “most” vertices, as the boundaries of the blocks
only constitute a small fraction of the total number of vertices. On the other hand,
the error will necessarily be larger for vertices closer to the block boundaries. This
spatial inhomogeneity of the local error is an inherent limitation of the block particle
filter that one might hope to alleviate by the development of more sophisticated local
particle filters. We postpone further discussion of this point to Section 4.4.3.

Remark 4.1 (On distributed computing). By their nature, local particle filtering
algorithms, such as the block particle filter here considered, are well suited to dis-
tributed computation: as the particles are updated locally in the spatial graph, this
opens the possibility of implementing each local neighborhood on a separate processor.
While this was not the original intention of the algorithms we propose, such properties
could prove to be advantageous in their own right for the practical implementation of
filtering algorithms in very large-scale systems.

4.4 Main result: error bounds uniform in the di-
mension

Having introduced the block particle filtering algorithm, we now proceed to formulate
the main result of this chapter (Theorem 4.2 below).
Recall that we have introduced the neighborhoods

N():={v" €V :d(v,v) <r}
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above, where the neighborhood size r is fixed throughout this chapter (in our model,
the state of vertex v depends only on the states of vertices in N(v) in the previous
time step). Given a set J C V', we denote the r-inner boundary of J as

oJ :={veJ:Nw)ZJ}

(that is, 0J is the subset of vertices in J that can interact with vertices outside J in
one step of the dynamics). We also define the following quantities:

|K|oo := max card K,
Kex
A= ma&ccard{v' eV :dw,) <r},
ve

Ay := maxcard{ K’ € X : d(K,K") < r},
KeX

where we define as usual d(J, J') := min,e; min, ¢ d(v,v") for J,J' C V. Thus | K|
is the maximal size of a block in K, while A (Ag) is the maximal number of vertices
(blocks) that interact with a single vertex (block) in one step of the dynamics. It
should be emphasized that r, A and Ag are local quantities that depend on the
geometry but not on the size of the spatial graph G.

Finally, we introduce for J C V the local distance

llo =2l == sup  E[p(f) —p'(f)]?

fexv:|f<1

between random measures p, o’ on X, where X7 denotes the class of measurable func-
tions f: X — R such that f(z) = f(Z) whenever 27 = 77.

Theorem 4.2 (Block particle filter, main result). There exists a constant 0 < gy < 1,
depending only on the local quantities A and Ay, such that the following holds.
Suppose there exist eg < e <1 and 0 < k < 1 such that

e <p(m 2¥) <e !, k< gz, y") < k! VoeV, z,zeX, yeY.
Then for everyn >0, z € X, K € X and J C K we have
VN

where the constants 0 < a, 51, o < 0o depend only on €, Kk, r, A, and Ax.

Y

72 — 72|, < accard J [e—ﬁld“ﬁm +

The key point of this result is that both the assumptions and the resulting error
bound depend only on local quantities. In particular, the assumptions and error
bound depend neither on time n nor on the model dimension card V.

Remark 4.3 (On the assumptions of Theorem 4.2). A threshold requirement of the
form e > ¢q is essential in order to obtain the decay of correlations property: the decay
of correlations can fail if € > 0 is too small (a phenomenon known as phase transition
in statistical mechanics). Otherwise, the assumptions of Theorem 4.2 are comparable
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to assumptions commonly imposed in the literature to obtain error bounds for the SIR
particle filter [S, 15] and possess similar limitations. We postpone a discussion of
these issues to Section 4.4.1 below. Let us also note that explicit expressions for the
constants in Theorem /.2 can be read off from the proofs; however, we do not believe
that our methods are sufficiently sharp to yield practical quantitative results.

Remark 4.4 (Dependence on observations). The particle filter 7 depends both on
the random samples that are drawn in the algorithm and on the random sequence of
the observations. However, the randomness of the observations plays no role in our
proofs. One can therefore interpret the expectation in the definition of |||, as being
taken only with respect to the random sampling mechanism in the block particle filter,
and the bound of Theorem /.2 as holding uniformly with respect to the observation
sequence.

Remark 4.5 (Initial measure). In Theorem 4.2 we have considered w2 and 7% with
a non-random initial condition x € X. This is a choice of convenience: the proof
of Theorem /.2 yields the same conclusion for more general initial conditions that
satisfy a suitable decay of correlations property. On the other hand, the stability
property of the filter (e.qg., Corollary A.5) ensures that " forgets its initial condition
 exponentially fast uniformly in the dimension, so there is little loss of generality in
choosing a computationally convenient initial condition.

To provide a concrete illustration of Theorem 4.2, we consider in the remainder
of this section the example where the spatial graph G is a square lattice, that is,

V={-d..d" (dg€eN)

endowed with its natural edge structure. Note that in this case, the graph distance
d(v,v") is simply the ¢;-distance between the corresponding vectors of integers. To
define the partition K, we cover V' by blocks of radius b € N: that is,

K={(x+{=0b,...,0})NV 2z € (20+1)Z}.

We assume for simplicity in the sequel that b > r, and that (2d +1)/(2b6+ 1) € N is
integer so that all K € X are translates of {—b,...,b}? (this slightly simplifies our
arguments below but is not essential to our results). We can easily compute

Koo = (20+1)7, A< (2r+ 1), Ag < 3%

Note that these local quantities do not depend on the size d of our lattice. In a data
assimilation application one might have, for example, ¢ =2, r =1, d ~ 103.
Consider the block K = {—b,...,b}?. Note that foru=20,...,b—r

{ve K:dv,0K)>u} ={-0b—-—r—u),....,.b —r —u}’
Fix 0 < § < 1 and choose u = [§(2b+ 1)/2q — r|. Then

card{v € K : d(v,0K) >u} [(2(b—r—u)+1 q>1_(5
card K B 20+ 1 - ’

where we have used 1 — (1 — §)/7 > §/q. The same conclusion evidently holds for
every block K € X. Thus Theorem 4.2 gives the following corollary.
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Corollary 4.6. In the square lattice settingV = {—d, ..., d}?, there exists a constant
0 < eg <1, depending only on r and q, such that the following holds.
Suppose there exist eg < e <1 and 0 < k < 1 such that

e <p(m, 2Y) <e !, k< gz, y") < k! VeV, z,ze€X, yeY.
Then for every x € X, n >0, and 0 < § < 1 we have

| ePa(2b+ 1)

VN

where the constants 0 < o/, By, By < oo depend only on ¢, k, r, and q.
In particular, if we choose the block size b= | 1(435)~/4 log"/? N — 31, then

card {v eV ln% — 7T, < a’e P+ 4 g } > (1—=9)cardV,

card {U eV |lrt — 72, < cl@—cmogl/w} > (1 —6)card V

and
1 C3

i _ ~T <
C&I‘dv UEZV |H7Tn 7Tn|“v — logl/qu

where the constants 0 < ¢y, ca, c3 < 00 depend only on €, k, r, and q.

Corollary 4.6 makes precise the notion that a properly tuned block particle filter
can avoid the curse of dimensionality: choosing the block size b ~ log'/? N, we obtain
a local error that can be made arbitrarily small, uniformly both in time n and in
the lattice size d, by choosing a sufficiently large sample size N. More precisely,
we see that the local error at most locations (i.e., on an arbitrarily large fraction of
the graph) is of order e~*s"*N which is polynomial for ¢ = 1 and subpolynomial
otherwise. The bound for the average local error is similarly uniform in n and d,
albeit with a very slow convergence rate. It appears that these results are chiefly
limited by the spatial inhomogeneity that is inherent in the block particle filtering
algorithm, as will be discussed in Section 4.4.3 below.

Remark 4.7. We have stated the local error in Corollary 4.6 in terms of one-
dimensional marginals ||7% — 7%, for simplicity; an analogous result can be obtained
for marginals over cubes of any fived size ||m; — Fulll, (s ga-

Remark 4.8. Theorem /.2 and Corollary 4.6 should be viewed as a theoretical proof
of concept that it is possible, in principle, to design particle filters that avoid the curse
of dimensionality. In practice, the slow rate b ~ logl/q N suggests that the block size
must typically be quite small (of order unity) for realistic values of the sample size N,
which yields a large bias term in our bounds. We have nonetheless observed in simple
simulations that the algorithm can work quite well even with the choice b= 0, so that
the practical utility of the algorithm may not be fully captured by our mathematical
results. Moreover, specific features of certain data assimilation applications, such as
sparsity of observations, could make it possible to choose substantially larger blocks.
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A systematic investigation of the empirical performance of local particle filtering al-
gorithms in applications is beyond the scope of our analysis, however. The practical
implementation of local particle filters for data assimilation will likely require further
advances in all mathematical, methodological and applied aspects of high-dimensional
filtering.

In the next three sections we discussion the main aspects of Theorem 4.2.

4.4.1 Mixing assumptions and the ergodicity threshold

The basic assumption of Theorem 4.2 is that the local transition densities are bounded
above and below:

e <p'(x,2¥) <e™, k<g'(z,y") <k L

This is a local counterpart of the mixing assumptions that are routinely employed in
the analysis of particle filters [3, 15]. The global mixing assumption € < p(z,z) < e !
would imply that the underlying Markov chain is strongly ergodic (in the sense that its
transition kernel is a strict contraction with respect to the total variation distance,
cf. Lemma 2.10) and is often used to establish the stability property of the filter
(cf. Theorem 3.7). This is essential to obtain a time-uniform bound on the particle
filter error, see Section 3.3.1 and Section 4.5.1 below. The local mixing assumption
e < p°(x,2") < &' employed here should similarly be viewed as a local ergodicity
assumption on the model.

It is well known that strong mixing assumptions of this type impose some con-
straints on the underlying model. In particular, strong mixing assumptions often
require a compact state space: in a noncompact state space the likelihood ratio
p(z,2)/p(2’, z) is typically unbounded as |z| — oo (this is readily verified in lin-
ear Gaussian models, for example), while ¢ < p(z,2z) < & ! would imply that
p(z,2)/p(«’, z) is uniformly bounded. Similarly, the assumptions of Theorem 4.2
will typically only hold in models whose local state spaces XV and Y are compact.
While qualitative results in this area have been obtained in much more general set-
tings (cf. [52] and the references therein), it has proved to be more difficult to obtain
quantitative results under assumptions weaker than strong mixing conditions: it re-
mains an open problem, for example, to obtain quantitative time-uniform bounds
under mild ergodicity assumptions even for the approximation error of the SIR par-
ticle filter. These technical issues are however unrelated to the problems that arise in
high dimension, and we do not address them here.

On the other hand, there is a crucial assumption in Theorem 4.2 that does not
arise in finite dimension. In classical results on particle filters, it is assumed that
e < p(x,2) <e ! with € > 0. For the local assumption € < p¥(z, 2°) < 71, however,
it is not sufficient to assume that € > 0; we must assume that ¢ > ¢ for some strictly
positive threshold ¢y > 0. Some assumption of this form is absolutely essential in
the high-dimensional setting. Unlike the global mixing assumption, the local mixing
assumption is not in itself sufficient to ensure that the underlying model will remain
ergodic as the dimension card V' — oo: the cumulative effect of the interactions can
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create long-range correlations that break both ergodicity and any decay of correlations
properties. Typically, the model is ergodic when the mixing constant ¢ is sufficiently
large, but ergodicity breaks abruptly as € drops below a threshold value 3. Such
phenomena, called phase transitions in statistical mechanics, are very common in
large-scale interacting systems: see [35, 10] for a number of examples. When the
underlying model fails to exhibit ergodicity and decay of correlations, we lack the
mechanism that we aim to exploit by developing local particle filters. Therefore,
some assumption of the form € > ¢ is essential in Theorem 4.2 in order to ensure the
presence of decay of correlations.

Unfortunately, the actual constant £ that arises in the proof of Theorem 4.2 is
almost certainly far from optimal. The Dobrushin machinery (Theorem 2.11) that
forms the basis of our proof already does not yield sharp estimates of the phase
transition point even in the simplest classical models of statistical mechanics. It is
also far from clear whether the block particle filter should necessarily possess the
same phase transition point as the underlying model: it may be that the algorithm
only works in a strict subset of the regime in which the underlying model possesses
the decay of correlations property. The mathematical tools used in this chapter are
not sufficiently powerful to address much more delicate questions of this type. The
practical relevance of Theorem 4.2 is therefore of a qualitative nature—we show that
the block particle filter can beat the curse of dimensionality above a certain phase
transition point—but should not be relied upon to provide quantitative guidance
in specific situations. It remains of substantial interest to weaken the assumptions
of Theorem 4.2 and to obtain sharper quantitative results; further progress in this
direction will require the development of a more sophisticated probabilistic toolbox
for the investigation of filtering problems in high dimension.

It should be noted that the problems investigated in this chapter are closely related
to fundamental properties of conditional distributions. We have implicitly taken for
granted that the filter will be stable when the underlying model is ergodic (and
similarly for the decay of correlations property), but it is far from obvious that such
properties are in fact preserved under conditioning on the observations. While the
inheritance of ergodic properties under conditioning can be proved in a very general
setting for models with finite-dimensional observations (see [52] and the references
therein), we will see in Chapter 7 that there exist surprising examples in infinite
dimension where the filter is non-ergodic even though the underlying model is ergodic
and nondegenerate. Such probabilistic phenomena remain poorly understood. The
threshold assumption € > ¢ rules out such issues in the setting of this chapter.

4.4.2 FErgodicity in space and time

The intuition behind the block particle filtering algorithm is that the localization con-
trols the sampling error (as it replaces the model dimension card V' by the block size
||~ ), while the decay of correlations property of the model controls the localization
error (as it ensures that the effect of the localization decreases in the distance to the
block boundary). This intuition is clearly visible in the conclusion of Theorem 4.2.
It is however not automatically the case that our model does indeed exhibit decay of

65



correlations: when there are strong interactions between the vertices, phase transi-
tions can arise and the decay of correlations can fail much as for standard models in
statistical mechanics [35], in which case we cannot expect to obtain dimension-free
performance for the block particle filter. Such phenomena are ruled out in Theo-
rem 4.2 by the assumption that ¢ < p® < 7! for € > &, which ensures that the
interactions in our model are sufficiently weak.

It is notoriously challenging to obtain sharp quantitative results for interacting
models, and it is unlikely that one could obtain realistic values for the constants in
Theorem 4.2 at the level of generality considered here. More concerning, however, is
that the weak interaction assumption of Theorem 4.2 is already unsatisfactory at the
qualitative level, as decay of correlations in space and time are treated on the same
footing: as € — 1, both the spatial and temporal correlations disappear. Note that
there is no interaction between the vertices in the extreme case € = 1; the assumption
e > ¢g should be viewed as a perturbation of this situation (i.e., weak interactions).
However, setting ¢ = 1 turns off not only the interaction between different vertices,
but also the interaction between the same vertex at different times: in this setting the
dynamics of the model become trivial. In contrast, one would expect that it is only
the strength of the spatial interactions, and not the local dynamics, that is relevant
for dimension-free errors, so that Theorem 4.2 places an unnatural restriction on our
understanding of block particle filters.

It is therefore of interest to separate the temporal and spatial ergodicity assump-
tions, for example, by replacing the assumption ¢ < p*(x,2¥) < e~! by an assumption
of the form e¢"(z%, 2) < p¥(x,2°) < e7'¢" (2%, 2°) that only controls the spatial in-
teractions, where the transition density ¢¥ describes the local dynamics at the vertex
v in the absence of interactions. Rather than assuming p¥(z, 2”) &~ 1 as in Theorem
4.2, we would like to assume only that the spatial interactions are weak in the sense
that p¥(x, 2¥) =~ ¢"(z", 2").

Overcoming this deficiency behind Theorem 4.2 requires the development of more
refined comparison theorems than the Dobrushin comparison theorem that is used
repeatedly for the results presented in this chapter (see Section 4.5.2 below). This
new toolbox is of its own interest, and it will be the subject of Chapter 6. The
analysis of the block particle filter on the basis of the new comparison theorems will
yield Theorem 6.13, which improves qualitatively Theorem 4.2.

4.4.3 Local algorithms and spatial homogeneity

The major drawback of the block particle filtering algorithm is the spatial inhomo-
geneity of the bias. As was explained in Section 4.3, the block particle filter introduces
errors at the block boundaries. We will increase the size of the blocks as the number
of particles N increases, so that more points are distant from the block boundaries
and therefore benefit from the decay of correlations. Nonetheless, points near the
boundary will always be subject to larger errors, and we can only hope to implement
the intuition of Section 4.2 to spatial locations that are strictly in the interior of the
blocks.
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The consequences of this inhomogeneity are manifested quantitatively in Corollary
4.6. Near the block boundaries, Theorem 4.2 gives a bound of order unity. By exclud-
ing a small fraction of spatial locations, however, we eliminate the block boundaries
to retain an error of order e~¢18""N at “most” spatial locations:

card {v eVl —aill, S e*C‘HOgl/qN} > (1—¢)cardV.

If, on the other hand, we compute the spatial average of the error, we obtain an
exceedingly slow convergence rate that is much worse than the “typical” rate:

1 1
T _ s < -
card V UGZV H‘Trn ﬂ-n”’v ~ logl/qN

Note that the block boundaries constitute a fraction ~ 1/b of spatial locations, where
b is the block size; therefore, as b ~ logl/ 2N in Corollary 4.6, we see that the error
at the block boundaries dominates our bound on the average error.

The behavior of the errors described above seems to be an inherent limitation of
the block particle filtering algorithm. It is therefore of significant interest to explore
the possibility that one could develop alternative local particle filtering algorithms
that are spatially homogeneous. Conceptually, as explained in Section 4.2, such
an algorithm should update the filtering distribution at each site v using sites in a
centered neighborhood Ny(v) := {v' € V : d(v,v") < b}; the decay of correlations
should then yield a bias that decays exponentially in 0. In this case, we would expect
to obtain a spatially uniform error bound of the form

sup [[% — #2]|, < e clog" N
veV

for the optimized neighborhood size b ~ log"/? N. Whether it is in fact possible to
design a local particle filtering algorithm that attains such a uniform error bound is
still an open question. Chapter 5 is devoted to discussing one possible idea that could
be of interest in this setting.

4.4.4 High-dimensional models in data assimilation

The basic model that we have introduced in Section 4.1 is prototypical of many data
assimilation problems and provides a particularly convenient mathematical setting for
the investigation of filtering problems in high dimension. While such models could be
directly relevant to many high-dimensional applications, there remains a substantial
gap between relatively simple models of this form and realistic models used in the
most complex applications, particularly in the geophysical, atmospheric and ocean
sciences, that frequently consist of coupled systems of partial differential equations.
The investigation of such complex problems, and the associated numerical, physical,
and practical issues, is far beyond the scope of this thesis. We therefore restrict our
discussion of such problems to a few brief comments.

In principle, discrete models as defined in Section 4.1 arise naturally as finite-
difference approximations of stochastic partial differential equations with space-time
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white noise forcing. As the resulting state spaces X" are not compact, such systems
cannot satisfy strong mixing assumptions (cf. Section 4.4.1), but this is likely a math-
ematical rather than a practical problem. More importantly, it is not clear whether
the discretized models will be in the regime of decay of correlations (that is, above
the phase transition point) even if the original continuum model possesses such prop-
erties. It is possible that this requirement would place constraints on the spatial and
temporal discretization steps, in the spirit of the von Neumann stability criterion in
numerical analysis. The physics of such problems could also impose constraints on
the design of local particle filters; for example, it is suggested in [00, p. 4107] that
discontinuities (such as might be introduced at the block boundaries in the block
particle filtering algorithm) could generate spurious gravity waves in ocean models.
Such numerical and practical issues are distinct from the fundamental problems in
high dimension that we aim to address in this thesis, but can ultimately play an
equally important role in complex applications.

Let us also note that models considered in the data assimilation literature are often
deterministic partial differential equations without stochastic forcing; the only ran-
domness in such models comes from the initial condition (cf. [34, 1]). In deterministic
chaotic dynamical systems, it is impossible to obtain time-uniform approximations
using classical particle filters as there is no dissipation mechanism for approximation
errors (the filter cannot be stable in this case, cf. Section 4.5.1). This issue is not di-
rectly related to dimensionality issues in particle filters: such problems arise in every
deterministic filtering problem. It is natural to regularize deterministic systems by
adding dynamical noise to the model (there is an extensive literature on random per-
turbations of chaotic dynamics, see for example [0]); a similar observation has been
made by practitioners in the context of ad-hoc filtering algorithms, cf. [34, section 5].
To our knowledge, a rigorous analysis of such ideas in the setting of particle filters
has yet to be performed.

4.5 QOutline of the proof: framework behind local
particle filters

In this section we discuss the outline of the proof of the main result of this chapter,
Theorem 4.2. While this discussion is tailored to the analysis of the block particle
filter, the ideas here developed constitute the backbone of a more general framework
that encompasses a new philosophy behind filtering in high dimension. The details
of the proof of Theorem 4.2 will then be given in Appendix A.

4.5.1 Error decomposition

The goal of Theorem 4.2 is to bound the error between the filter 7# and the block
particle filter 7#. Recall that both the filter (Section 3.1) and block particle filter
(Section 4.3) are defined recursively:

T =F,- - Fip, ﬁgzﬁn...FW?

n
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where F,, := C,P and IA:n := C,BSYP. We introduce also the block filter

Th = IN:n---Fl,u
with F,, := C,BP. By the triangle inequality, we have

llmte — 2l <l — 72, + I — 72,
TV TV
bias variance

The first term on the right-hand side quantifies the bias introduced by the projection
on independent blocks, while the second term quantifies the error due to the variance
of the random sampling in the algorithm. Each term will be bounded separately to
obtain the two terms in the error bound of Theorem 4.2.

The challenges encountered in bounding the bias term (cf. Section 4.5.3) and the
variance term (cf. Section 4.5.4) are quite different in nature. Nonetheless, both
bounds are based on a basic scheme of proof that was invented in order to prove
time-uniform bounds for the SIR particle filter [15, 8], see Section 3.3.1. We therefore
begin by reviewing this general idea, which is based on a simple error decomposition.

Suppose for sake of illustration that we aim to bound directly the error between
mh and 7k. The basic idea is to write 7t — 7/ as a telescoping sum:

n

775 - 7%;(: = Z{Fn T Fs+1Fs|%sfl T Iel,u - Fn te Fs+1|§s|§sfl T Iel,u}

s=1

By the triangle inequality,
n
|||7T'¢LL - ﬁﬁ\” < Z |||Fn T Fs—&-lFsﬁg—l —Fp- Fs—&-lFsﬁg—lm'
s=1

The term s in this sum could be interpreted as the contribution to the total error at
time n due to the filter approximation made at time s.

The key insight is now that one can employ the filter stability property to control
this sum uniformly in time. In its simplest form, this property can be proved in the
following form (see Theorem 3.7): if ¢ < p(z,2) < e™! for all z,z € X, then

IFs - Fapap = Foe - Fupll < 26721 = )" [lp = Al

Thus, the filter forgets its initial condition at an exponential rate. However, this
also means that past approximation errors are forgotten at an exponential rate: if we
substitute the stability property in the above error decomposition, we obtain

n
It = 74 < Y2672 (1 =) (|Fdhs, — Bl || < 2 *sup ||Fup — Fupl)l
s=1

n,p

Thus, if we can control the error ||Fnp — F.p|| in a single time step, we obtain a
time-uniform bound of the same order. In the case of the SIR particle filter, if
k < g(z,y) < k™', we proved in Section 3.1 that [|F,p — F.p|| < 2x72/V/N.

69



The basic error decomposition discussed above allows us to separate the problem
of obtaining time-uniform bounds into two parts: the one-step approximation error
and the stability property. It is important to note, however, that both parts become
problematic in high dimension. We have already seen (Section 3.3.2) that the one-step
approximation error of the SIR particle filter is exponential in the model dimension;
we will surmount this problem by working with the block particle filtering algorithm
and performing a local analysis of the one-step error using the decay of correlations
property (which must itself be established). On the other hand, the filter stability
bound used above also becomes exponentially worse in high dimension: a local bound
of the form e < p?(x,2%) < 7! only yields eV < p(x,2) < e~V which is
exponential in the model dimension card V. To surmount this problem, we must
develop a much more precise understanding of the filter stability property in high
dimension, which proves to be closely related to the decay of correlations property.
The development of these ingredients constitutes the bulk of the proof of Theorem
4.2.

4.5.2 Dobrushin comparison method

How can one control the approximation error of high-dimensional distributions? The
basic idea that we aim to exploit, both algorithmically and mathematically, is that
the decay of correlations property leads to a form of localization: the effect on the
distribution in some spatial set J of a perturbation made in another set J' decays
rapidly in the distance d(J, J'). Therefore, as long as we measure the error locally
(in [|-|, rather than [|-|), one would hope to control the spatial accumulation of
approximation errors much as we controlled the accumulation of approximation errors
in time using the filter stability property.

The Dobrushin comparison theorem (Theorem 2.11) introduced in Section 2.4 is
the tool that will allow us to characterize the crucial way in which the decay of cor-
relations property enters the picture. In the current setting, a useful manifestation of
the decay of correlations property is that the matrix D from the comparison theorem
is such that D;; decays exponentially in the distance d(i, 7). If this is in fact the case,
then Theorem 2.11 yields, for example, [lp —pll; < 3, e~4)p; where b; measures
the local error at site j between p and p (in terms of the conditional distributions p?
and p’). The decay of correlations property therefore controls the accumulation of
local errors much as one might expect.

Let us now explain how Theorem 2.11 will be applied in the filtering setting. For
sake of illustration, consider the problem of obtaining a local filter stability bound:
that is, we would like to bound ||7% — 7Z||; for ,Z € X and J C V. It would seem
natural to apply Theorem 2.11 directly with I = V, S = X, and p = 7%, p = 7Z.
This is not useful, however, as we do not know how to control the corresponding local
quantities such as p? = P*(X}! € -|Y1,...,Y,, Xy = ZV\oh,

Instead, define I = {0,...,n} x V and S = X" and let

p=P"(Xo,....Xn € -|[V1,....Y,),
p=PI(Xo,.... X, € -V1,....Y,).
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As
17 = malls = o = pllnyxa,
we can now apply Theorem 2.11 to the smoothing distributions p, p. Unlike the filters
7% however, p and p’ are Markov random fields on I (cf. Figure 4.1), so that the

conditional distributions p%* and p%* can be easily computed and controlled in terms
of the local densities p¥(x, z”) and ¢"(z",y"). For example, as

p(A)O(/IA(ZL’,Jil,...,:L'n)HHpv(:L‘k_l,:L‘Z)gv(IZ,ka)¢U(dIZ),

k=1veV

and as p¥(xk_1,x}) depends only on z}’ ; for d(w,v) < r, we obtain

AER(B) ¢ 100600 009 G2 72) TT Gt v

weN (v

for 0 < k < n and v € V (the proportionality is up to a normalization factor).
We will repeatedly exploit expressions of this type to obtain explicit bounds on the
quantities C;; and b; that appear in Theorem 2.11. It should be emphasized that
p* is a genuinely local quantity: the product inside the integral contains at most
card N(v) < A terms. We will consequently be able to use Theorem 2.11 to obtain

bounds that do not depend on the model dimension card V.

Remark 4.9. In the language of statistical mechanics, we exploit the fact that the
smoothing distribution P*(Xo, ..., X,, € -|Y1,...,Y,) is a Gibbs measure [27] on the
space-time index set I = {0,...,n} x V. Similar insight has proved to be fruitful in
the ergodic theory of large-scale interacting Markov chains, cf. [75].

4.5.3 Bounding the bias: decay of correlations

To bound the bias ||7% — 7%||;, we follow the basic error decomposition scheme de-
scribed above: that is,

n
Hﬂ'ﬁ - 7~T2HJ < Z HFn T Fs+1Fs7}§71 —Fp-- Fs+1Fs7~T§—1HJ-

To implement our program, we must now obtain suitable local bounds on the stability
of the filter and on the one-step approximation error. Both these problems will be
approached by application of the Dobrushin comparison theorem.

In its most basic form, one can prove a filter stability property of the following
type: provided & > €q, there exists 8 > 0 (depending only on A and r) such that

IF, - Fopipt — Fp- o Fopvl|y < dcard Je P09

for any probability measures p,v on X and J C V, n > 0 (cf. Corollary A.5). This
bound is evidently dimension-free, unlike the crude filter stability bound described
in Section 4.5.1. Nonetheless, this filter stability bound would yield a trivial result
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when substituted in the error decomposition, as it does not provide any control in
terms of the distance between p and v (and therefore in terms of the one-step error).
Instead, we will prove in Section A.1 the local stability bound

. = ~B(n—s) ~pdwa') )
||Fn Fs+1,u Fn Fs—HVHJ < 2e Zjlvrllea‘}/ie DU (M, I/)7
ve

where D, (u,v) is a suitable measure of the local error between p and v at site v/
that arises naturally from the Dobrushin comparison theorem (see Proposition A.2
for precise expressions). This filter stability bound is genuinely local: the stability
on the spatial set J C V depends predominantly on the local distance of the initial
conditions near J (that is, the spatial accumulation of errors is mitigated). This
localization comes at a price, however; the local filter stability bound holds only if
the initial condition p satisfies a prior: a decay of correlations property.

Once the local filter stability bound is substituted in the error decomposition, it
remains to prove a bound on the one-step error D, (Fs7% ,, F,7% ;) with respect to the
local distance prescribed by the filter stability bound. This will be done in Section

A.2: we will show that for a constant C' that depends only on A, r, ¢,
DyFups Fu) < C oo

for every K € K and v € K, provided again that u satisfies a priori a decay of
correlations property. This is precisely what we expect: as B only introduces errors
at the block boundaries, the decay of correlations should ensure that the error at site
v decays exponentially in the distance to the nearest block boundary. The Dobrushin
comparison theorem allows to make this intuition precise.

The decay of correlations property evidently plays a dual role in our setting:
it controls the approximation error of the block filter, which is the basic principle
behind the block particle filtering algorithm; at the same time, it mitigates the spatial
accumulation of approximation errors, which is essential for proving dimension-free
bounds. In order to apply the above bounds, the key step that remains is to prove
that the appropriate decay of correlations property does in fact hold, uniformly in
time, for the block filter 7. The latter will be shown in Section A.3 by iterating a
one-step decay of correlations bound that is obtained once again using the Dobrushin
comparison theorem. We conclude by putting together all these ingredients in Section
A4 to obtain a bound on the bias of the form

7% — 72|, < Ccard J e PUSOK)

for J € K (Theorem A.12). This proves the first half of Theorem 4.2 (note that,
as the bias does not depend on the random sampling in the block particle filtering
algorithm, we can trivially replace ||7% — 7%||; by |7 — #%||; in this bound).
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X§ = X{ —— X§ § —3Xf——X{
S
Xp——XP X

Figure 4.4: For a linear spatial graph G partitioned into blocks A-E (with r = 1),
the dependencies between the blocks at subsequent times are illustrated here. The
left dependency graph represents B¢ P2y, the right graph represents B¢ PBPp. The
blocking operation unravels the original graph into a tree by introducing indepen-
dent duplicates (dotted boxes) of blocks in the previous time step.

4.5.4 Bounding the variance: the computation tree

To bound the variance term [|7% — #Z||,, we once again start from the basic error
decomposition

n
|||7~Tﬁ - ﬁﬁ”b < Z ”|Fn e Fs+1Fs7%§—1 —Fp Fs+1|§sﬁ'§—1|”,]-
s=1

The difficulties encountered in controlling this expression are quite different in nature,
however, than what was needed to control the bias term.

Dimension-free bounds on the bias exploit decay of correlations: the core difficulty
is to obtain local control of the error inside the blocks. The variance term, on the other
hand, will already grow exponentially in the size of the blocks due to the exponential
dependence of the sampling error on the dimension of the observations. There is
therefore no need bound the error on a finer scale than a single block. This makes the
analysis of the variance much less delicate than controlling the bias, and it is indeed
not difficult to obtain a variance bound of the right order on a finite time horizon
(but growing exponentially in time n).

The chief difficulty in controlling the variance is to obtain a time-uniform bound.
Note that, in the error decomposition for the variance term, it is not stability of the
filter w# that enters the picture but rather stability of the block filter 7#. Unlike
the filter, however, which has by construction an interpretation as the marginal of a
smoothing distribution, the block filter is defined by a recursive algorithm and not as
a conditional expectation. It is therefore not entirely obvious how one could adapt
the approach outlined in Section 4.5.2 to this setting.

The key idea that will be used to establish stability is that the block filter can
nonetheless be viewed as the marginal of a suitably defined Markov random field,
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just like the filter can be viewed as the marginal of a smoothing distribution. This
random field, however, lives on a much larger index set than the original model.
The basic idea behind the construction is illustrated in Figure 4.4 (disregarding the
observations for simplicity of exposition). When we apply the transition operator P,
each block interacts with its Ax neighbors in the previous time step. However, if
we subsequently apply the blocking operator B, then each block is replaced by an
independent copy. This could be modelled equivalently by introducing independent
duplicates of the blocks in the previous time step, and having each block interact
with its own set of duplicates. This unravels the original dependency graph into a
tree. By iterating this process, we can express the block filter as the marginal of a
Markov random field defined on a tree that contains many independent duplicates of
each block. We call this construction the computation tree in analogy with a similar
notion that arises in the analysis of belief propagation algorithms [50].

With this construction in place, we can now obtain a stability bound for the block
filter by applying the Dobrushin comparison theorem to the computation tree. This
will be done in Section A.5 to obtain a bound of the following form: provided £ > &,
there exist 3, 5’ > 0 (depending only on A, Ag, ) such that

%1255 |Fn--Fepipt — Fp- o Foprv| g < B Koo o —B(n—s) Iz??a)é HMK _ ’/KH
for any pair of initial conditions of product form p = @ g ™, Vv = Qg v* (cf.
Corollary A.16). Combining this bound with the error decomposition, we obtain in
Section A.6 a time-uniform bound on the variance term of the form
B 1K oo

max I, = Falle < € —7==

where we bound the one-step error in the same spirit as the computation for the SIR
particle filter in Section 3.1 (however, a more involved argument is needed here to
surmount the fact that the block filter stability bound is given in a total variation
norm rather than the weaker norm ||| ). Thus Theorem 4.2 is proved.

Remark 4.10 (Alternative error decomposition). The reason we must consider sta-
bility of the block filter is that we have first split the error into the bias ||7% — 72|,
and variance |75 — 7|, parts, and then applied the error decomposition to each term
separately. One might hope to circumvent the problem by applying the error decom-
position directly to the total error ||7% — 72||, as was illustrated in Section 4.5.1, and
then splitting the one-step error terms in this bound into bias and variance parts:

|||Fn T Fs+1 Fsﬁ5_1 - Fn o Fs—l-llesﬁg—l”b

< |||Fn e Fs—i—lFsﬁ—g—l - Fn e Fs+1IES7ATg—1H|J

+ H|Fn T Fs+1ﬁsﬁ5—1 —Fp- - Fs+1 I%37%5—1'”{]-

In this case, only stability of the filter is needed to control the error accumulation.
Unfortunately, using this simpler approach it is impossible to obtain a nontrivial

bound on the bias. Indeed, to control the one-step bias D, (Fspu, Fsp), it is essential that
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1 satisfies a decay of correlations property. In Section 4.5.3, the error decomposition
required us to obtain such a bound for p = 7¥ |, and we showed that the block filter
does indeed possess the requisite decay of correlations property. On the other hand, if
we apply the error decomposition to the total error as above, one would have to obtain
such a bound for y = 7¥_,. This is impossible, as 7_, cannot possess a useful decay
of correlations property within the blocks.

To see this, consider what happens when we apply the Dobrushin comparison the-
orem to an empirical measure p = %Zgil dx, with Xy i.4.d. ~ v. Suppose that
v=@Q),c; V" for some (nonatomic) measures v': this is the extreme case where v has
no spatial correlations at all. Nonetheless, the empirical measure p will be mazimally
correlated: as each X} is distinct with unit probability, we obtain p'y = dx: for every
X e {Xy,...,Xn}, so that C;; = 1 for every i # j in Theorem 2.11. We therefore
see that sampling destroys decay of correlations (this is, in essence, the same phe-
nomenon that causes the curse of dimensionality of particle filters). For this reason,
it 1s essential to consider the bias and variance terms separately.
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Chapter 5

Localized Gibbs sampler particle
filter

This chapter is devoted to introducing a particle filter algorithm that implements
a spatially homogeneous localization to overcome the curse of dimensionality, hence
addressing the main drawback of the block particle filter analyzed in the previous
chapter. While a complete analysis of this algorithm is still missing, we prove a
one-step error bound for the bias term that illustrates the mechanism that can
provide spatially homogenous approximations of the filter distribution. The goal of
this chapter is also to show that the general idea of local particle filters is much
broader than is suggested by the block particle filtering algorithm, and that the
mathematical analysis developed in this thesis could in itself provide inspiration for
further methodological developments. The material presented in this chapter is new
and has not been submitted to publication yet.

Henceforth, we assume to work in the same setting introduced in Section 4.1.

5.1 Motivations

The block particle filter was introduced in Section 4.3 by localizing the SIR particle
filter recursion #, = C,SVP#,_; to %, = C,BSYP#,_;, via the blocking operator
B that projects probability measures to the product of their marginals over a fix
partition X of the vertex set V.

At the heart of our main result (Theorem 4.2) lies the decay of correlations. In the
proofs there we used an intuitive notion of decay of correlations of essentially the fol-
lowing form: a probability measure p on X = [], ., X" possesses the decay of correla-
tions property if the effect on the conditional distribution p(Xv € - | XV} = gV\{vh)
of a perturbation to ¥ decays exponentially in the distance d(v, v') (cf. Sections 4.5.2
and A.1). The blocking operation evidently replaces these conditional distributions

by
(Bp)(X¥ € A|XVMY = o\ = p(Xv € A|XF\YY = R\
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for every K € K and v € K. Therefore, if p possesses the decay of correlations
property, then the bias at site v € K incurred by the blocking operation decays
exponentially in the distance between v and the boundary of K. On the other hand,
the sampling error depends only on the dimension of the block, and not on the
dimension of the entire system.

As we discussed in Section 4.4 (particularly in Section 4.4.3), the major draw-
back of the block particle filtering algorithm is precisely the spatial inhomogeneity
of the bias, as the blocking introduces errors at the block boundaries: points near
the boundaries will always be subject to larger errors. On the one hand, it is true
that by optimizing the error bound in Theorem 4.2 we find that the size of the blocks
increases as the number of particles IV increases, so that more points are distant
from the block boundaries and therefore benefit from the decay of correlations. On
the other hand, our theory suggests that the size of the blocks typically increases
slowly (logarithmically) with the number of particles (see Corollary 4.6 for a concrete
example), so that we should not consider large blocks.

From this perspective, an approach to spatially homogeneous algorithms readily
suggests itself: we should aim to replace B with another operator M that satisfies

(Mp)(X? € A|XVMYY = gVl — (XY e A|XNeNMuE — pNo@\ol)

for every v € V, where Ny(v) := {v' € V : d(v,v") < b}. The bias incurred by
this operation decays exponentially in b uniformly for all v (it is therefore spatially
homogeneous). On the other hand, as

C,MPp)(X"? € A|XV\v} = g\l =
( I

J1a(@?) 9" (@, Y)) Tlyen,w P (2, 2%) pldz) " (da”)
J9° @, Y2) e, @) P (2, 2%) pldz) g (dav)

the sampling error incurred if we replace p by SV p in this expression should only be
exponential in card NV,(v) (which is ~ b? for the square lattice) rather than in the
model dimension card V. This suggests that the local particle filter defined by the re-
cursion F,, = SYC,MP should yield a spatially homogeneous algorithm in accordance
with our intuition.

To implement this algorithm one needs to sample from the measure C,,MPp, which
we have defined only implicitly in terms of its conditional distributions. However, this
is precisely the task to which Markov chain Monte Carlo (MCMC) methods are well
suited. These methods sample from a probability measure by constructing a Markov
chain that has the desired measure as its equilibrium distribution. In particular, the
Gibbs sampler (Section 5.2 below) is a MCMC method that implements this paradigm
by using transition kernels that are defined in terms of the conditional distributions
of the desired measure.

One would therefore ostensibly obtain a spatially homogeneous local particle fil-
tering algorithm that is recursive in time and that uses MCMC to sample the spatial
degrees of freedom (regularization using M is still key to avoiding the curse of di-
mensionality, as replacing the sampling step in ordinary particle filters by an MCMC
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method does not resolve the fundamental problem that we face in high dimension;
see [3] for related discussion).

Conceptually, the idea introduced here is quite natural. The general idea of lo-
cal particle filters is that one should introduce a spatial regularization step into the
filtering recursion that enables local sampling. In the block particle filter, this regu-
larization is provided by the blocking operation B that projects a probability measure
on the class of measures that are independent across blocks. In the above algorithm,
we aim to regularize instead by the operation M that projects a probability measure
on the class of Markov random fields of order b. The fatal flaw in our reasoning is
that the operator M that we have defined implicitly above does not exist: the trun-
cated conditional distributions p(XV € -|XMEN\Mv} = gN@MY}) are typically not
consistent, so there exists no single probability measure that satisfies our definition
of Mp.

Nonetheless, the basic idea just discussed suggests a practical approach to ap-
proximating random fields by Markov random fields: we can substitute the above
expression for (C,MPp)(X" € -|XV\"}) in a Gibbs sampler regardless of its incon-
sistency. The algorithm that we will introduce in this chapter, the localized Gibbs
sampler particle filter, exactly implements this idea to yield spatially homogeneous
estimates of the filter distribution.

While the analysis of the block particle filter relies heavily on the Dobrushin com-
parison theorem (Theorem 2.11), the analysis of the localized Gibbs sampler particle
filter relies crucially on the one-sided Dobrushin comparison theorem (Theorem 2.12),
which is needed to capture the directionality of time embedded in the definition of
Gibbs samplers. Following the same bias/variance decomposition scheme adopted in
Chapter 4, we will prove a spatially homogeneous one-step error bound for the bias
of the localized Gibbs sampler particle filter (Theorem 5.4).

While this result is extremely encouraging, the analysis of the localized Gibbs
sampler particle filter has proved to be much more challenging than the analysis of
the block particle filter, and a complete picture is still lacking. With respect to the
proof strategy followed in Chapter 4, the crucial difficulty lies in establishing a decay
of correlations property for the approximate filter that is uniform in time. While
we have strong reasons to believe that this property should hold, it seems that the
Dobrushin comparison theorems are not adequate to capture it. A more delicate
analysis is needed, with new tools to be developed.

5.2 Gibbs sampler

The backbone of the localized Gibbs sampler particle filter is the Gibbs sampler,
a MCMC algorithm that samples from a high-dimensional distribution p on X by
sampling iteratively from the low-dimensional distributions p(Xv € - | XYM} v € V.
Henceforth in this chapter, label the elements of V" as {vy,...,v4}, where d = card V/,
and introduce the notation vy : vg := {vk, Vks1 ..., v }. The systematic-scan Gibbs
sampler is the algorithm described in Figure 5.1.
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Algorithm 4: Systematic-scan Gibbs sampler
Data: Fix m > 1, x probability measure on X.
Let Xy ~ x;
for /=1,...,mdo

L for k=1,...,ddo

| Sample Xj* ~ p(X € - [ Xt = XU Yoeitn = X T,

Output: X,,.

Figure 5.1: Systematic-scan Gibbs sampler.

As described in Figure 5.1, in the ¢-th round of the algorithm (that is needed to
sample X)) each coordinate X} is cyclically obtained by sampling from the conditional
distribution given all other coordinates X 2/ W The cyclic sampling occurs system-
atically, following the ordering given by vy, ..., v4'. Each round of the algorithm is
usually referred to as a sweep of the algorithm.

The Gibbs sampler is a MCMC method that constructs a Markov chain (X,),>0
that admits p as its invariant measure (by construction p satisfies p = pP, where
P is the transition kernel of the Markov chain). The main rationale is that if the
Markov chain is quickly converging to equilibrium (rapidly mizing), then for large m
we can reliably interpret X,,—the output of the algorithm in Figure 5.1—as a random
variable whose distribution is close to p. We refer to [8] for an extensive treatment of
MCMC methods in the context of filtering theory.

To facilitate the description of what follows, we introduce the (systematic-scan)
Gibbs sampler sampling operator.

Given a probability measure p on X and v € V, let G} be the transition kernel
defined as follows

G, A) = / (XY € du?| XV = 2 5 (dV M) 14 ().

Definition 5.1 (Gibbs sampler sampling operator). Let x be a probability measure
on X. Define the Gibbs sampler sampling operator Sfj M as

1 N

SXN,mp _ SN(XGZI - sz)m _ N Z 5X(i)7
i=1
where X(1),...,X(N) are i.i.d. samples—each obtained by running the algorithm
described in Figure 5.1 with respect to the family of conditional distribution (p(X" €
XYM ey —for m sweeps and with initial distribution x. SV is the sampling
operator defined in Definition 2.16 (see Section 3.3 for a discussion on how to sample
from Markov chains).

!Other sampling schemes can be considered, such as uniformly sampling d-times the elements of
V' at each round of the algorithm. This gives rise to the so-called random-scan Gibbs sampler.
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Remark 5.2. In the literature on Gibbs samplers the typical empirical measure that
is considered has the following form

2

(5X
0

ng+ke?

1
N

>
I

where (X, )n>o is the Markov chain generated by the algorithm in Figure 5.1, ng is the
so-called burn-in period that represents the amount of time it takes for the Markov
chain to reach its invariant distribution (which is the measure we want to sample
from), and { is the period at which samples are taken into consideration (so to have
samples that are close to being independent). On the other hand, in Definition 5.1 we
consider samples that are independent by construction so to simplify the theoretical
analysis of the algorithm.

5.3 Gibbs sampler particle filter

As the block particle filter was introduced by localizing the SIR particle filter recur-

sion, also the local algorithm that we analyze in this chapter comes as a localization of

another particle filter—the Gibbs sampler particle filter—that we presently introduce.
Fix N;m > 1. We define the Gibbs sampler particle filter recursion as follows:

~

~ N, ~
Ty = M, 7TZ = Sﬁ_ZT_nlCnP'ﬂ'Z_l (Tl > 1)a

where the recursion consists of three steps

MCMC
prediction correction sampling

it — PR ——— CPRF —— 1 —SNmC Pt

n—1 n—1

In Lemma 5.3 below we prove that under the usual mixing conditions considered
in Chapter 4 (¢ < p¥ < e7! for 0 < € < 1), as the number of sweeps m goes to
infinity the Gibbs sampler particle filter recursion 7/ = SNm C,P7al_, converges to

Thn—1

the “optimal” SIR particle filter recursion 7 = S¥C,P#~_, (cf. Remark 3.13). For
this reason we have not introduced a separate notation for the Gibbs sampler particle
filter and the SIR particle filter introduced in Chapter 3.

Presently, we illustrate one possible implementation of this algorithm. Let

1 N
AL . )
Th—1 = N ;:1 5Xn,1(z)7

where X, _1(1),...,X,,—1(N) are the samples coming from the (n — 1)-th itera-
tion of the Gibbs sampler sampling operator, that is, the samples coming from
SNm Cn—1P7l_5. Recall that the Gibbs sampler samples iteratively from the con-
dltlonal distributions of the measure it is applied to. While there are many ways
to implement this sampling scheme (for instance, by using rejection-sampling to
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directly sample from the conditional distributions, which are only needed to be
known point-wise), we currently present a sampling procedure that takes place in
multiple stages so to resemble the sampling scheme adopted for ordinary particle
filters (with importance weights, see Chapter 3). This formulation will be functional
to highlight, at least at a heuristic level, the reason why also the Gibbs sampler
particle filter algorithm suffers from the curse of dimensionality, and it will readily
suggest a way around the problem (see Section 5.4 below).
Notice that for any measure p on X we have

(C.Pp)(XV € AIXVNUE = gV My =
J p(d2) [Lyer oy PV (2,2%) p¥(2,w) 9 (dw) g"(w, V) La(w)
I p(d2) [Lyer oy P (2, 2%) p¥ (2, w) P*(dw) g° (W, YY)

Hence, we can write

(C.PAE_ (XY € AJXVAY = gV
i Muery g 27 (Xaca(0),2%) [ 9" (Xasa (i), w) 9°(dw) ¢° (@, V) Ta(w)
> Tuevy oy P (Xam1(), %) [ 90 (Xaoa (i), w) 90 (dw) g° (@, Y,?)

— Z W (1) 4n(Xon-1(i), A),

where the weights are defined as

wy (i) == Zn(Xn1(1)) Hwev\{v}pw(Xn—l(i),:Ew)
SN 20X 0) T oy P (Kna (i), %)

and ¢, is a transition kernel from X to X" defined as

oy = [T 1)

with
22(z) = / P (2,0) g (@, Y) 4 (d).

As the weights are positive and S Wy (i) = 1 by construction, they can be
interpreted as probabilities. So, sampling from (C,P#" | )(X? € - | XYM} = gV\lvh
can be achieved by first sampling J from the distribution j € {1,..., N} — W} (j),
and then sampling from ¢"(X,-1(J), -) (note that this is a one-dimensional integral,
and one can use one of the methods in [2] to sample from it, such as rejection-
sampling). The resulting algorithm is given in Figure 5.2.%

2Note that the algorithm illustrated in Figure 5.2 differs a little from the one described in the
main text, as for simplicity it is now assumed that 7} = % vazl dxo(iys for Xo(1),..., Xo(N) ~ p
(if 7§ = p as in the main text, then the weights W7 ,(j)’s would be different). Moreover, note that
more clever implementations of this algorithm can be considered, but this is beyond the scope of

our current treatment.
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Algorithm 5: Gibbs sampler particle filter
Data: Fix n,m, N > 1. Let the observations Yi,...,Y,, be given.
Sample i.i.d. Xo(i) ~ p, i =1,...,N, and let 75 = L SN 5y, );
for s=1,...,ndo
Sample i.i.d. Ry(i), i = 1,..., N, from the distribution 7% |;
fori=1,...,N do
for/=1,...,mdo
for k=1,...,d do
Let R = (RU1 @), RY(4)), for any € X%
Sample J from the d1str1but10n jed{l,...,N} — W:’j%(j), with
Wv;;%(j) _ ]l\:[wev\{vk}p“’(Xs,l(j),R'“’) Sk (f571(j)’w.) Pk (zlw) g'k E]W,stk)vk :
s =1 Mwev oy PP (Xs—1(0),R®) [ PPk (Xs—1.(4) )9k (dw) gk (w,Ys ™)

Vi [ - v Yk (Xs—1(J),w) g* w,YSvk Yk (dw) .
| Sample Rp (1)~ g3 (Xama (1), do) = e G vy o

| Let XU(i) = RY,(i), i =1,...,N, v=1y,...v4, and @ := L 3N 6y )3
Compute the approximate filter ¥ f ~ 7/ f.

Figure 5.2: Gibbs sampler particle filter.

5.4 Sample degeneracy with dimension

Also the Gibbs sampler particle filter runs into the curse of dimensionality. Ultimately,
weight degeneracy occurs for the same reason why it occurs for the SIS algorithm
(Section 3.2) and for the SIR algorithm (Section 3.3). To make this point, let us
recall the definition of the weights (up to normalization factors) involved in these
algorithms:

SIS particle filter —— W, (i) H H g’ (X} (7)

k=1veV
SIR particle filter —— W, (i) H 9° (X2 (i), Y,))
veV
Gibbs sampler particle filter —— W, (i) o< Z;(X,-1(7)) H P (Xp-1(7), %),

weV\{v}

(clearly, different algorithms involve different particles). Heuristically it is easy to
see where the problem of weight degeneracy comes from: roughly speaking, weights
get picked towards zero or infinity exponentially fast with the dimension card V. In
the SIS particle filter the problem appears both with time and space (see Section
3.2.1). In the SIR particle filter the problem is caused by the product of observation
likelihoods (see Section 3.3.3), while in the Gibbs sampler particle filter the problem
is caused by the product of transition likelihoods.

Proceeding in the same line of thoughts, it is easy to see why the block particle
filter (see Section 4.3 for its definition) can overcome the curse of dimensionality.
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Note, in fact, that the weights involved in this algorithm read

Block particle filter ——— W/ (i) o H g°(X2(4),Y))
veK

where the product of observation likelihoods is restricted only to the coordinates in
the block K C V. Hence, the block particle filter samples at each coordinate v by
using weights that are defined only through coordinates contained in the element K
of the partition K such that v € K. So, even if the dimensionality of the whole
model (card V') is increased, what matters for the sake of weight degeneracy is only
the dimensionality of the blocks (card K).

Following this intuition, a spatially-homogenous procedure to localize the Gibbs
particle filter readily suggests itself. If in this algorithm we replace the measure
(C,Pp) (XY € A|XVMVE = 2V M} with the following measure

[ p(dz) Hwer(v)\{v} p"(z,2") p'(z,w) ¥ (dw) g"(w, Y,) 1a(w)
J p(d2) TTuwen, oy P (2:2°) p° (2, w0) Y0 (dw) g¥ (w0, Yr7)
where the product over w € V' is replaced with the product over w € Ny(v) := {v' €

V :d(v,v") < b}, then the new algorithm—which we call localized Gibbs sampler
particle filter—would yield weights of the following form:

(5.1)

Localized Gibbs sampler particle filter

— WL (0) o< Z3(Xna(i)) P (Xn-1(i), 2*).
weN, (v)\{v}

That is, the new algorithm samples at each coordinate v by using weights that are
defined only through coordinates contained in a ball of radius b centered at v. Thus,
we obtain a spatially homogeneous way of localizing the sampling step, using the
Gibbs sampler as a way of constructing a high-dimensional distribution from its con-
ditional distributions (as discussed in Section 5.1, recall that this localization can not
be described as 7% = SNC,MP#%_,  since the measure MP#~_, does not exists). The
resulting algorithm is immediately given as in Figure 5.2 upon truncating the weights
as we just mentioned.

5.5 Localized Gibbs sampler particle filter

We now introduce a more convenient description of the localized Gibbs sampler par-
ticle filter. For each probability measure p on X and each n > 1, v € V', define the
probability kernels n;, , and 7, , from X to X* respectively as:

o (o) s 4202 i P (202 (21 0) 47 () 610, Y) L)
R S p(d2) Tlacv gy P2 (2, 2%) p° (2, 0) ¥ (dw) g¥(w, Yy2)

il (@, A) = fpdz) weN,(w)\{v} P Y(z, ") p¥(z,w) YV (dw) ¢¥(w, Y,?) 14(w)
A J p(d2) Tlueny gy (2 2) p¥ (2, w) 7 (dw)
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It is easy to verify that

o (2, A) = (C,Pp) (XY € AIXV\H = gV
= P/(XV € AlY; =Y, X7 W = pV\oh),

while
ﬁzp(xa A) _ Pp(Xf c A’Yle(v) _ Yan(U)’ X No(\{v} — be(U)\{v})

corresponds to the localized quantity (5.1). Let us also define the probability kernels
G, , and G} from X to X respectively as

G, (2, A) = /nfl,p(a:,dw”)5zV\{U}(de\{”}) 1a(w),
G’Z,p(az,A) = /ﬁfl7p(a:,dw”)5IV\{U}(de\{”}) 1a(w),

and the operators on probability measures

(G )f i= [ ulde) G (') )
@ )f = [ ulde) G ') £

From the definition of the Gibbs sampler sampling operator (Definition 5.1) we can
write
N,m _ N v vg \m — QN /v V1 \m
Sp Can =5 p(anp o Gn?p) =S (Gn(,ip T Gnl,p) p-

Therefore, the Gibbs sampler particle filter can be formulated as

o = i, =SNGy Gl )L
At this point it is straightforward to describe the localization procedure previously
discussed and to define the localized Gibbs sampler particle filter as

Ty = W, =SNG, .-G, )mAM

In the special case b = max, ey d(v,v") the localized Gibbs sampler particle filter
reduces to the Gibbs sampler particle filter, so that the former is a strict generalization
of the latter (we have therefore not introduced a separate notation for the localized
Gibbs sampler particle filter: in the remaining of this chapter, the notation 7# always
refers to the localized Gibbs sampler particle filter).

Before moving to the analysis of the localized Gibbs sampler particle filter in
the next section, we now prove that under the mixing conditions ¢ < p* < ¢7! for
0 < ¢ < 1 the Gibbs sampler particle filter recursion 7% = S;Vﬁm C,P7l_, converges

n—1

in the limit of infinitely many sweeps (m — oo) to the “optimal” SIR particle filter
recursion 7 = SVC,P7¥_| (cf. Remark 3.13). Recall that F, := C,P.

n—1
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Lemma 5.3 (Convergence of Gibbs sampler particle filter). Suppose there exists
0 < e <1 such that

e <p'(x,2¥) <e VoeV, z,z e X.
Then, for each probability measures p,pu on X and each n > 1 we have
lim [[Fp — (G, -Gt = 0.

Proof. From the local mixing conditions for each p¥ we get the following minorization
condition for each 7, ),

n (2, A) > @00 (A),
where
] pld=) P () () g (0, V) Lalw)
Xl = ) p () 0 () g7, V)

Hence, we also get the following minorization condition for an entire sweep of the
Gibbs sampler,

(G- Gt ) (w, A) = 2D (A),
where x(A) = [ @,y X4(dz") 1a(2). As by construction for each v € V the kernel

G}, , leaves invariant the measure F, p, that is,

(an)Gz,p = FTL:O7

then by Lemma 2.10 we have

IFup = u(GRL, - GRi) Il = (Fap) (Gl - Gt,)" = (G- Gt )
< (1= D) Fap — pl.

]

5.6 Main result: spatially-homogeneous error
bound

Ultimately, we would like to mimic the result of Theorem 4.2 for the localized Gibbs
sampler particle filter, and to prove a bound for [|7# — 7#||; that is uniform both in
time (n) and in the model dimension (card V'), and that is spatially-homogeneous in
J C V. Although at the time being we do not have such a result, Theorem 5.4 below
represents an encouraging first step towards establishing it.

Following the strategy pursued in Chapter 4, we define the approzimate Gibbs
sampler filter as

~f . . F o~
Ty 1= [ mh=F,7



and we consider the following error decomposition (cf. Section 4.5.1)

sy = 5l < Nl = walll, + 7 = 7l -
vV vV
bias variance

Recall the following definitions from Chapter 4 and Appendix A. For any proba-
bility measure g on X and x,z € X, v,v' € V, 8> 0, let

A= mea‘gccard{v’ eV :d(v,v') <r},

po(dz") == p(dz" |2V M,
o (A) = J La(@) [luenp P" (2, 2") g3 (dz)
| J e P (@, 2) p(da)
1

T,z
[ v v
C'UU/ T 5 Sup sup H/’L:L‘,z - Mi“,z“a
2€X g 7eXexV v =gV \{v'}

Corr(pu, 8) := max P or
veV
vev

The following result provides a spatially homogeneous one-step error bound for
the bias term of the localized Gibbs sampler particle filter.

Theorem 5.4 (Localized Gibbs sampler particle filter, one-step error for the bias).
There exists a constant 0 < g9 < 1 depending only on the local quantity A such that
the following holds.

Suppose there exists g < € < 1 such that

e <p'(z,2") <e ! forallveV, z,z € X,

and let p be a probability measure on X such that

Corr(p. 9) < 7.

;- Then, for eachn >1 and J CV we have

_ _1 1
where /8 = a1 IOg m

[Frnp — I~:mO“J < « card J e~y min{bm}

where the constants 0 < o,y < oo depend only on e, r, and A.

We refer to Appendix B for the proof of Theorem 5.4. While in the case of the
block particle filter the key insight to perform the analysis is that both filter and
approximate block filter can be thought of as Gibbs measures on properly-defined
graphs (see Section 4.5.2 and Remark 4.9), in the present case the key insight is that
both filter and approximate Gibbs sampler filter can be thought of as Gibbs samplers.

In fact, as by construction for each v € V' the kernel G}, | leaves the measure F,,p
invariant (that is, (F,p)G, , = Fup), then we can express the filter recursion as m
sweeps of a Gibbs sampler, namely,

Fup = (Fup) (G- GRt))™
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On the other hand, the approximate Gibbs sampler filter recursion is defined as

an =p (G;}Ll,p e G?rjzg,lp)m

The key idea to bound ||F,p—F,pl| is then to use the one-sided Dobrushin comparison
theorem (Theorem 2.12) to capture the one-sidedness that is embedded in the Gibbs
samplers F,p and F,p.

Remark 5.5 (On running the algorithm). The one-step error bound in Theorem 5./
suggests that in practice we only need to run the localized Gibbs sampler particle filter
for a number of sweeps (m) that is of the same order as the radius (b) at which we
implement the localization. From the analysis of the block particle filter (see Section
4.4) we know that the optimal b increases quite slowly with the number of particles
N (b ~ 1og"? N for the square lattice V = {—d,...,d}?), which suggests that each
iteration of the algorithm does not need to be run for many sweeps.

5.7 Where things stand

Theorem 5.4 yields a bound on the one-step error |Fnp — Fnp|l; under a certain
assumption on the decay of correlations for the measure p. In order to use this result
within the general error decomposition scheme pursued in Section 4.5.3 to bound the
bias term |[|7# — 7||,, we need to prove that the appropriate decay of correlations
property does in fact hold, uniformly in time, for the approximate filter 7#. That is,
we would like to prove that

sup Corr (74, 8) < ¢ < 1,
n>0

where ¢ is an absolute constant which does not depend on the ambient dimension.

In the case of the block particle filter we can show this property by iterating a
one-step decay of correlations bound that is obtained using the Dobrushin comparison
theorem (see Section A.3). In the case of the localized Gibbs sampler particle filter,
however, the situation is more involved as we need to control the way the decay of
correlations is propagated in each iteration of the Gibbs samplers. While we have
strong reasons to believe that the decay of correlations of the approximate filter
should hold uniformly in time, at the time being we have been not successful in
establishing the required behavior using the Dobrushin comparison method, and new
mathematical tools seem to be needed.

To see why we expect the decay of correlations property to hold, consider the
case of the filter recursion. While the Dobrushin comparison theorem can be used to
bound the quantity Corr(F,p, 5) by making an assumption on Corr(p, 3) (as done in
Section A.3, see Proposition A.9 in particular), it seems not possible to use the same
machinery to bound Corr(p(Gy!, - - - Gf;fp)f, ), for any given finite ¢, without making
higher-order assumptions on the decay of correlations of p, although we know that
limy_,o0 p(GYL, - - - G24)E = Frp as seen in Lemma 5.3.
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The approach that we have presented to bound the bias of the localized Gibbs
sampler particle filter is taken from the analysis of the block particle filter given
in Chapter 4, and it is based on the recursive property of the filter. On the other
hand, the improved analysis of the block particle filter that will be given in the
next chapter (Section 6.4) is based on another strategy that allows to directly use
the Dobrushin comparison theorem on properly-defined space-time Gibbs measures,
without considering the filter recursion. This new method yields a shorter proof for
the bound of the bias term that does not involve controlling the decay of correlations
quantity Corr(7#, 3). This approach relies on the ability to express both filter and
approximate filter as the marginal of properly-defined Markov random fields, where
the natural interaction range of the system (recall that the models introduced in
Section 4.1 have an interaction of range r) can be recovered through the interaction
neighborhood of the field (cf. the discussion on the Dobrushin comparison method in
Section 4.5.2).

The problem in implementing this approach in the case of the localized Gibbs
sampler particle filter lies in the fact that this algorithm is defined in terms of a
recursion that does not seem to admit an intrinsic probabilistic interpretation that
can allow to recover the natural interaction range of the model. Ultimately, the
problem is that this algorithm is defined in terms of conditional probabilities that do
not have a local structure (see Section 5.5). In fact, by definition, 7, ,(z, A) depends
on " whenever d(v, w) < b. Therefore, even if we can interpret the measure 7# as the
marginal of a properly-defined space-time Gibbs measure, this measure is a Markov
random field with interaction neighborhood size b, which does not correspond to the
intrinsic neighborhood size 7.
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Chapter 6

Comparison theorems for Gibbs
measures

This chapter is devoted to establishing new comparison theorems for Gibbs mea-
sures that substantially extend the range of applicability of the classical Dobrushin
comparison theorem, the main tool behind the proofs of the results presented in the
previous two chapters for the analysis of filtering algorithms in high dimension. The
novel toolbox will be used to extend the analysis of the block particle filter given in
Chapter 4 to the case where spatial and temporal ergodicity are treated on a different
footing. This chapter is based on the paper [41].

6.1 Motivations

The analysis of the block particle filter in Chapter 4 and the analysis of the localized
Gibbs sampler particle filter in Chapter 5 rely heavily on the Dobrushin comparison
theorem introduced in Section 2.4, which is a powerful tool to obtain dimension-
free estimates on the difference between the marginals of Gibbs measures p and p
in terms of the single site conditional distributions p(X7 € dx?| X\t = 2/\U}) and
(X7 € da? | XN} = g I\Mah),

In order to ensure decay of correlations, Theorem 4.2 and Theorem 5.4 (the main
results of Chapter 4 and Chapter 5, respectively) impose a weak interactions assump-
tion (e < p¥ < e! for € > &) that is dictated by the comparison theorem. As
explained in Section 4.4.2, this assumption is unsatisfactory already at the qualita-
tive level: it limits not only the spatial interactions (as is needed to ensure decay of
correlations) but also the dynamics in time. Overcoming this unnatural restriction
requires a generalized version of the comparison theorem, which is one of the main
motivation for the results developed in this chapter.

More generally, aside from the filtering framework considered in the previous chap-
ters, the Dobrushin comparison theorem has proved to be useful to establish numer-
ous properties of Gibbs measures, including uniqueness, decay of correlations, global
Markov properties, and analyticity [27, 15, 25], as well as functional inequalities and
concentration of measure properties [29, 32, (7].
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Despite this broad array of applications, the range of applicability of the Do-
brushin comparison theorem proves to be somewhat limited. This can already be
seen in the easiest qualitative consequence of this result: the comparison theorem
implies uniqueness of the Gibbs measure under the well-known Dobrushin unique-
ness criterion [18]. Unfortunately, this criterion is restrictive: even in models where
uniqueness can be established by explicit computation, the Dobrushin uniqueness cri-
terion holds only in a small subset of the natural parameter space (see, e.g., [64] for
examples). This suggests that the Dobrushin comparison theorem is a rather blunt
tool. On the other hand, it is also known that the Dobrushin uniqueness criterion can
be substantially improved: this was accomplished in Dobrushin and Shlosman [17]
by considering a local description in terms of larger blocks p(X” € da’| X"\ = 2"\/)
instead of the single site specification p(X7 € da’| XM} = £"\MJ}). In this manner,
it is possible in many cases to capture a large part of or even the entire uniqueness
region. The uniqueness results of Dobrushin and Shlosman were further generalized
by Weitz [61], who developed remarkably general combinatorial criteria for unique-
ness. However, while the proofs of Dobrushin-Shlosman and Weitz also provide some
information on decay of correlations, they do not provide an analogue of the powerful
general-purpose machinery that the Dobrushin comparison theorem yields in its more
restrictive setting.

The general aim of the present chapter is to fill this gap. Our main results (Theo-
rem 6.4 and Theorem 6.12) provide a direct generalization of the Dobrushin compari-
son theorem to the much more general setting considered by Weitz [64], substantially
extending the range of applicability of the classical comparison theorem.

While the original comparison theorem is an immediate consequence of our main
result (Corollary 6.6), the classical proof that is based on the “method of estimates”
does not appear to extend easily beyond the single site setting. We therefore develop
a different, though certainly related, method of proof that systematically exploits the
connection of Markov chains. In particular, our main results are derived from a more
general comparison theorem for Markov chains that is applied to a suitably defined
family of Gibbs samplers. The proofs of the new comparison theorems are contained
in Appendix C, Sections C.1-C.5.

As an application of the generalized comparison theorems, in Section 6.4 we
present an improved analysis of the block particle filter introduced in Chapter 4.
The proof of this result is provided in Appendix C, Section C.6.

6.2 Setting and notation

We begin by introducing the basic setting that will be used throughout this section.

Sites and configurations

Let I be a finite or countably infinite set of sites. Each subset J C I is called a region;
the set of finite regions will be denoted as

J:={JC1I:cardJ < oo}.
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To each site ¢ € I is associated a measurable space S, the local state space. A
configuration is an assignment x; € S* to each site i € I. The set of all configurations
S, and the set S’ of configurations in a given region J C I, are defined as

s:=][s", s’ :=]][s"

el ied

For z = (2;)ic; € S, we denote by 27 := (2;);c; € S’ the natural projection on S”.
When J N K = @, we define z = 27/yX € S’VK such that 2/ = 27/ and z¥ = yX.

Local functions

A function f : S — R is said to be J-local if f(x) = f(z) whenever 27/ = 27, that is,
if f(x) depends on x7 only. The function f is said to be local if it is J-local for some
finite region J € J. When [ is a finite set, every function is local. When [ is infinite,
however, we will frequently restrict attention to local functions. More generally, we
will consider a class of “nearly” local functions to be defined presently.

Given any function f : S — R, let us define for J € J and z € S the J-local
function

F1(2) = (2020,

Then f is called quasilocal if it can be approximated pointwise by the local functions
1

gr%|fj(z) —f(2)| =0 forallz,z€S,
€

where lim jega; denotes the limit of the net (ay) ey where J is directed by inclusion
C (equivalently, a; — 0 if and only if a;, — 0 for every sequence Ji, Js, ... € J such
that J; € Jy C --- and UZ J; = I). Let us note that this notion is slightly weaker
than the conventional notion of quasilocality used, for example, in [27].

Metrics

In the sequel, we fix for each i € I a metric 7; on S* (we assume throughout that »;
is measurable as a function on §* x §*). We will write ||| = sup,,_. 7:(x, 2).
Given a function f:S — R and ¢ € I, we define

osc; f = sup M

z,z€S:xT it =T\ {3} 771'(ZE2‘, Zl)

The quantity osc; f measures the variability of f(z) with respect to the variable x;.

Matrices

The calculus of possibly infinite nonnegative matrices will appear repeatedly in the
sequel. Given matrices A = (A;;); jer and B = (B;;); jer with nonnegative entries
A;; > 0 and B;; > 0, the matrix product is defined as usual by

(AB);; = AyBy;.

kel
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This quantity is well defined as the terms in the sum are all nonnegative, but (AB);;
may possibly take the value +00. As long as we consider only nonnegative matrices,
all the usual rules of matrix multiplication extend to infinite matrices provided that
we allow entries with the value +o0o and that we use the convention +o0o -0 = 0
(this follows from the Fubini-Tonelli theorem, cf. [20, Chapter 4]). In particular, the
matrix powers A%, k > 1 are well defined, and we define A° = I where I := (1,—;); jes
denotes the identity matrix. We will write A < oo if the nonnegative matrix A
satisfies A;; < oo for every ¢,j5 € I.

Kernels, covers, local structure

Recall that a transition kernel v from a measurable space (§2,F) to a measurable
space (€, F") is a map 7 : 2 x F — R such that w + 7,(A) is a measurable function
for each A € F" and ~,(-) is a probability measure for each w € Q, cf. [31]. Given a
probability measure ;. on 2 and function f on €, we define as usual the probability
measure (uy)(A) = [ p(dw)y,(A) on @ and function (vf)(w) = [ 7., (dw') f(w') on Q.
A transition kernel v between product spaces is called quasilocal if vf is quasilocal
for every bounded and measurable quasilocal function f.

Our interest throughout this chapter is in models of random configurations, de-
scribed by a probability measure p on S. We would like to understand the prop-
erties of such models based on their local structure. A natural way to express the
local structure in a finite region J € J is to consider the conditional distribution
vl (d27) = (X7 € d27| XTI\ = 2I\) of the configuration in J given a fixed config-
uration z/\/ for the sites outside J: conceptually, 7/ describes how the sites in .J
“interact” with the sites outside J. The conditional distribution v’ is a transition
kernel from S to S’. To obtain a complete local description of the model, we must
consider a class of finite regions J that covers the entire set of sites I. Let us call a
collection of regions J C J a cover of I if every site ¢ € [ is contained in at least one
element of J (note that, by definition, a cover contains only finite regions). Given any
cover J, the collection (v7) ;e provides a local description of the model.

In fact, our main results will hold in a somewhat more general setting than is
described above. Let u be a probability measure on S and 7 be transition kernel
from S to S7. We say that p is v/ -invariant if for every bounded measurable function

f
[ utde) @) = [ tdo) 2@ 172V

by a slight abuse of notation, we will also write uf = py”’f/. This means that if
the configuration x is drawn according to pu, then its distribution is left unchanged
if we replace the configuration z”/ inside the region J by a random sample from the
distribution v/, keeping the configuration z/\/ outside J fixed. Our main results
will be formulated in terms of a collection of transition kernels (y”);cg such that
J is a cover of I and such that p is v/-invariant for every J € J. If we choose
v (dz") = (X7 € dz’| X = 2'\/) as above, then the v’-invariance of y holds
by construction [31, Theorem 6.4]; however, any family of v/-invariant kernels will
suffice for the validity of our main results.
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Remark 6.1 (Gibbs measures and specifications). The idea that the collection (v”) jeq
provides a natural description of high-dimensional probability distributions is prevalent
i many applications. In fact, in statistical mechanics, the model is usually defined
i terms of such a family. To this end, one fixes a priori a family of transition
kernels (') jes, called a specification, that describes the local structure of the model.
The definition of v’ is done directly in terms of the parameters of the problem (the
potentials that define the physical interactions, or the local constraints that define the
combinatorial structure). A measure p on S is called a Gibbs measure for the given
specification if p(X7 € dz/| X\ = 2!\) = 4/ (dz”) for every J € J. The existence
of a Gibbs measure allows to define the model p in terms of the specification. It
may happen that there are multiple Gibbs measures for the same specification: the
significance of this phenomenon is the presence of a phase transition, akin to the
transition of water from liquid to solid at the freezing point. As the construction of
Gibbs measures from specifications is not essential for the validity or applicability of
our results, we omit further details. We refer to [27, /5, (/] for extensive discussion,
examples, and references.

6.3 General comparison theorem

Let p and p be probability measures on the space of configurations S. Our main
result, Theorem 6.4 below, provides a powerful tool to obtain quantitative bounds on
the difference between p and p in terms of their local structure. Before we can state
our results, we must first introduce some basic notions. Our terminology is inspired
by Weitz [6-].

As was explained above, the local description of a probability measure p on S will
be provided in terms of a family of transition kernels. We formalize this as follows.

Definition 6.2. A local update rule for p is a collection (v”7) 5 where J is a cover
of I, v’ is a transition kernel from S to S” and p is v’ -invariant for every J € J.

In order to compare two measures p and p on the basis of their local update
rules (v7)e5 and (37) g, we must quantify two separate effects. On the one hand,
we must understand how the two models differ locally: that is, we must quantify
how 7/ and 7/ differ when acting on the same configuration . On the other hand,
we must understand how perturbations to the local update rule in different regions
interact: to this end, we will quantify the extent to which v and «/ differ for different
configurations z, z. Both effects will be addressed by introducing a suitable family of
couplings. Recall that a probability measure () on a product space €2 x € is called a
coupling of probability measures u, v on 2 if its marginals coincide with p, v, that is,

Q(- xQ)=pand Q2 x -)=w.

Definition 6.3. A coupled update rule for (p,p) is a collection (47,377, Q7,Q7) ey,
where J is a cover of I, such that the following properties hold:

1. (W) jeg and (37) jeg are local update rules for p and p, respectively.
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2. Q7 is a coupling of ~;,~] for every J € § and x,z € S with card{i : z; #
3. Q7 is a coupling of v, 5! for every J € § and x € S.

We can now state our main result. The proof will be given in Appendix C, Sections
C.1-C.3.

Theorem 6.4 (General comparison theorem, main result). Let J be a cover of 1,
let (wy)eg be a family of strictly positive weights, and let (v7,57,Q7,Q7)eq be a
coupled update rule for (p,p). Define fori,j €I

Wij = 1i; Z wy,

Jegied

R;; = Sup g wy Qx 2
zes: Tl (IJ’ ) Jegic
1\{3}— N{5}

aj::ZwJ/ denJ

Jeg:ged

Assume that v’ is quasilocal for every J € J, and that
Wi <1 and lim > (I—-W+R)} (p@p)m; =0 foralli € 1. (6.1)
n—oo

Jjel

Then we have

lof —pfl < Z osc; f D;; nglaj where D := Z(W‘U%)’Z
i,j€l n=0
for any bounded and measurable quasilocal function f such that osc;f < oo for all
1€ 1.
Remark 6.5. While it is essential in the proof that v’ and 77 are transition kernels,
we do not require that QJ and Q7 are transition kernels in Definition 6.3, that is,
the couplings ng and Q7 need not be measurable as functions of x,z. It is for this
reason that the coefficients a; are defined in terms of an outer integral rather than an
ordinary integral [55]:

[ s otan) =t { [o@ntan):r<g g mbz}

When x — anj 15 measurable this issue can be disregarded. In practice measura-
bility will hold in all but pathological cases, but may not always be trivial to prove.
We therefore allow for nonmeasurable couplings for sake of technical convenience, so
that it is not necessary to check measurability of the coupled updates when applying
Theorem 6./.

We will presently formulate a number of special cases and extensions of Theorem
6.4 that may be useful in different settings. A detailed application is presented in
Section 6.4, where we improve the analysis of the block particle filter given in Chapter
4.
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6.3.1 The classical comparison theorem

The original comparison theorem of Dobrushin [18, Theorem 3] and its commonly
used formulation due to Follmer [21] (i.e., Theorem 2.11) correspond to the special
case of Theorem 6.4 where the cover J = Js := {{i} : i € I} consists of single sites.
For example, the main result of [241] follows readily from Theorem 6.4 under a mild
regularity assumption. To formulate it, recall that the Wasserstein distance d,(f, V)
between probability measures @ and v on a measurable space {2 with respect to a
measurable metric 7 is defined as

d,(p,v) ;== inf ,
(1, V) Qx)=s Qn
Q(2x)=v
where the infimum is taken over probability measures ) on 2 x  with the given
marginals ¢ and v. We now obtain the following classical result (cf. [24] and [25,

Remark 2.17]).

Corollary 6.6 ([21]). Assume S’ is Polish and n; is lower-semicontinuous for all
i€ 1. Let (v and (31)icr be local update rules for p and p, respectively, and let

44
Ci; = sup e, ) ),
secs:  1(%5,2)

SI\GY =, 1\ )

byi= [ aldo) dy, 0,30,

Assume that v is quasilocal for every i € I, and that

JLH;ZCZ(,O@ p)n; =0 foralliel.

jel

Then we have

\pf—ﬁf|§ZoscifDijbj where D::ZC”,

i,5€l n=0

for any bounded and measurable quasilocal function f such that osc;f < oo for all
1€ 1.

If Qg and Q;{J} are minimizers in the definition of d,, (%Ei}, 'yii}) and d,), (%Ei}, %i}),
respectively, and if we let § = Js and wy; = 1 for all © € I, then Corollary 6.6 follows
immediately from Theorem 6.4. For simplicity, we have imposed the mild topological
regularity assumption on S* and 7; to ensure the existence of minimizers [62, Theorem
4.1] (when minimizers do not exist, it is possible with some more work to obtain a
similar result by using near-optimal couplings in Theorem 6.4). Let us note that
when 7;(x, z) = 1,4, is the trivial metric, the Wasserstein distance reduces to the
total variation distance

| =

1
dy(p,v) = z|lp—v| == 5 sup |uf —vf| when n(x,2)= 1,4z,
2 Jfl<t

2
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and an optimal coupling exists in any measurable space [18, p. 472]. Thus in this
case no regularity assumptions are needed, and Corollary 6.6 reduces to the textbook
version of the comparison theorem that appears, e.g., in [27, Theorem 8.20] or [45,
Theorem V.2.2].

While the classical comparison theorem of Corollary 6.6 follows from our main
result, it should be emphasized that the single site assumption J = J; is a significant
restriction. The general statement of Theorem 6.4 constitutes a crucial improvement
that substantially extends the range of applicability of the comparison method, as
the application to the block particle filter demonstrates. Let us also note that the
proofs in [18, 24], based on the “method of estimates,” do not appear to extend easily
beyond the single site setting. We use a different (though related) method of proof
that systematically exploits the connection with Markov chains (Appendix C).

6.3.2 Alternative assumptions

The key assumption of Theorem 6.4 is (6.1). The aim of the present section is to
obtain a number of useful alternatives to assumption (6.1) that are easily verified in
practice.

We begin by defining the notion of a tempered measure [25, Remark 2.17].

Definition 6.7. A probability measure p on S is called x*-tempered if

sup/u(dx) ni(z, x}) < o0.

iel
In the sequel x* € S will be considered fized and p will be called tempered.

It is often the case in practice that the collection of metrics is uniformly bounded,
that is, sup; ||7;]] < oo. In this case, every probability measure on S is trivially
tempered. However, the restriction to tempered measures may be essential when

the spaces S’ are noncompact (see, for example, [I3, section 5| for a simple but
illuminating example).

Let us recall that a norm || - || defined on an algebra of square (possibly infinite)
matrices is called a matriz norm if ||AB|| < ||A|| || B]|. We also recall that the matrix
norms || - || and || - ||; are defined for nonnegative matrices A = (A;;)ijer as

[Aflo :=sup > Ay, JA]l1 == sup Y _ Aj.
i€l “of jel “5

The following result collects various useful alternatives to (6.1). It is proved in Section
C.4 in Appendix C.

Corollary 6.8 (Alternatives to assumption (6.1)). Suppose that p and p are tem-
pered. Then the conclusion of Theorem 6./ remains valid when the assumption (6.1)
1s replaced by one of the following:

1. card ] < 00 and D < 0.
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2. card] < oo, R < oo, and |[(W™'R)"|| < 1 for some matriz norm || - || and
n > 1.

sup; Wi; < oo and |[WR|| < 1.
sup, Wi; < oo, ||[RW Y| < 00, and ||(RW™1)"|e < 1 for somen > 1.

sup, Wi; < 00, >, |[mi| < o0, and |RW 1|, < 1.

S v

sup;, Wi < oo, there exists a metric m on I such that sup{m(i,j) : R;; > 0} <
oo and sup; Y, e P < oo for all f> 0, and ||[RW ! < 1.

The conditions of Corollary 6.8 are closely related to the uniqueness problem for
Gibbs measures. Suppose that the collection of quasilocal transition kernels (77) seq
is a local update rule for p. It is natural to ask whether p is the unique measure that
admits (7”)ses as a local update rule (see the remark at the end of Section 6.2). We
now observe that uniqueness is a necessary condition for the conclusion of Theorem
6.4. Indeed, let p be another measure that admits the same local update rule. If (6.1)
holds, we can apply Theorem 6.4 with 5/ = 47 and a; = 0 to conclude that p = p.
In particular, >°;(/ — W + R); — 0 in Theorem 6.4 evidently implies uniqueness in
the class of tempered measures.

Of course, the point of Theorem 6.4 is that it provides a quantitative tool that
goes far beyond qualitative uniqueness questions. It is therefore interesting to note
that this single result nonetheless captures many of the uniqueness conditions that
are used in the literature. In Corollary 6.8, Condition 3 is precisely the “influence
on a site” condition of Weitz [61, Theorem 2.5] (our setting is even more general in
that we do not require bounded-range interactions as is essential in [6]). Conditions
5 and 6 constitute a slight strengthening (see below) of the “influence of a site”

condition of Weitz [(4, Theorem 2.7] under summable metric or subexponential graph
assumptions, in the spirit of the classical uniqueness condition of Dobrushin and
Shlosman [17]. In the finite setting with single site updates, Condition 2 is in the

spirit of [22] and Condition 4 is in the spirit of [21].

On the other hand, we can now see that Theorem 6.4 provides a crucial improve-
ment over the classical comparison theorem. The single site setting of Corollary 6.6
corresponds essentially to the original Dobrushin uniqueness regime [1&8]. It is well
known that this setting is restrictive, in that it captures only a small part of the
parameter space where uniqueness of Gibbs measures holds. It is precisely for this
reason that Dobrushin and Shlosman introduced their improved uniqueness criterion
in terms of larger blocks [17], which in many cases allows to capture a large part of
or even the entire uniqueness region; see [64, section 5] for examples. The generalized
comparison Theorem 6.4 in terms of larger blocks can therefore be fruitfully applied
to a much larger and more natural class of models than the classical comparison the-
orem. This point is further emphasized in the context of the application to the block
particle filter in Section 6.4.

Remark 6.9. The “influence of a site” condition |RW ||y < 1 that appears in
Corollary 6.8 is slightly stronger than the corresponding condition of Dobrushin-
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Shlosman [17] and Weitz [0/, Theorem 2.7]. Writing out the definition of R, we
find that our condition reads

1
-1 117712 : E J
”RLL ||1 = Sup 77 Sup (I Z‘) wy Qx,zn’i < 17
el € G Sy D gepies

while the condition of [0/, Theorem 2.7] (which extends the condition of [17]) reads

sup VV];1 sup ;Z Z wy Qizm < 1.
gel wees: (%5 2%) o 450,
2\ =1\ U} '
The latter is slightly weaker as the sum over sites i appears inside the supremum
over configurations x, z. While the distinction between these conditions is inessential
. many applications, there do exist situations in which the weaker condition yields
an essential improvement, see, e.g., [0/, section 5.8]. In such problems, Theorem
6.4 1s not only limited by the stronger uniqueness condition but could also lead to
poor quantitative bounds, as the comparison bound is itself expressed in terms of the
uniform influence coefficients R;;.

It could therefore be of interest to develop comparison theorems that are able to
exploit the finer structure that is present in the weaker uniqueness condition. In
fact, the proof of Theorem 6./ already indicates a natural approach to such improved
bounds. However, the resulting comparison theorems are necessarily nonlinear in that
the action of the matriz R is replaced by a nonlinear operator R. The nonlinear
expressions are somewhat difficult to handle in practice, and as we do not at present
have a compelling application for such bounds we do not pursue this direction here.
However, for completeness, we will briefly sketch at the end of Section C.2 how such
bounds can be obtained.

6.3.3 A one-sided comparison theorem

As was discussed in Section 6.2, it is natural in many applications to describe high-
dimensional probability distributions in terms of local conditional probabilities of the
form pu(X”7 € dz’| X7\ = 2I\/). This is in essence a static picture, where we describe
the behavior of each local region J given that the configuration of the remaining sites
I\J is frozen. In models that possess dynamics, this description is not very natural.
In this setting, each site i € [ occurs at a given time 7(i), and its state is only
determined by the configuration of sites j € I in the past and present 7(j) < 7(i),
but not by the future. For example, the model might be defined as a high-dimensional
Markov chain whose description is naturally given in terms of one-sided conditional
probabilities (see, e.g., [23]). It is therefore interesting to note that the original
comparison theorem of Dobrushin [18] is actually more general than Corollary 6.6
in that it is applicable both in the static and dynamic settings (see the one-sided
Dobrushin comparison theorem, Theorem 2.12). We presently develop an analogous
generalization to Theorem 6.4.
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For the purposes of this section, we assume that we are given a function 7 : I — 7Z
that assigns to each site ¢ € I an integer index 7(z). We define

I, ={iel:7(i) <k}, S<p := S'=*,

and for any probability measure p on S we denote by p<; the marginal distribution
on Sgk.

Definition 6.10. A one-sided local update rule for p is a collection (v”)jeq where
1. 3 is a cover of I such that minge; 7(i) = max;e; 7(i) =: 7(J) for every J € J.
2. v is a transition kernel from S<; ;) to S”.
3. p<r(r) 18 v’ -invariant for every J € §.

The canonical example of a one-sided local update rule is to consider the one-sided
conditional distributions v/ (dz?) = p(X”7 € dz’| X<\ = gl<+»)\)). This situation
is particularly useful in the investigation of interacting Markov chains, cf. [18, 23],
where 7(j) denotes the time index of the site j and we condition only on the past
and present, but not on the future.

Definition 6.11. A one-sided coupled update rule for (p, p) is a collection of tran-
sition kernels (v, 37, Q7,Q”) je5 such that the following hold:

1. (7)) jeg and (37) jeq are one-sided local update rules for p and p, respectively.

2. Q7 is a coupling of vJ,~] for J € § and x,z € S<r(y) with card{i : z; # z} =
1.

3. Q7 is a coupling of v, %7 for J € J and x € S,y

We can now state a one-sided counterpart to Theorem 6.4, which will be proved
in Section C.5.

Theorem 6.12 (General comparison theorem, one-sided). Let (77,57, Q7. Q7) es
be a one-sided coupled update rule for (p,p), and let (wy)sey be a family of strictly
positive weights. Define the matrices W and R and the vector a as in Theorem 6./.
Assume that v is quasilocal for every J € §J, that

Z Dij(p®@p)n; <oo foralliel where D := Z(W_IR)", (6.2)
jel n=0
and that (6.1) holds. Then we have
lof = pfl < oscif Dy Wit
ijel

for any bounded and measurable quasilocal function f such that osc;f < oo for all
1€ 1.
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Let us remark that the result of Theorem 6.12 is formally the same as that of
Theorem 6.4, except that we have changed the nature of the update rules used in the
definition of the coefficients. We also require a further assumption (6.2) in addition to
assumption (6.1) of Theorem 6.4, but this is not restrictive in practice: in particular,
it is readily verified that the conclusion of Theorem 6.12 also holds under any of the
conditions of Corollary 6.8.

6.4 Application: block particle filter

Our original motivation for developing the generalized comparison theorems of this
chapter was the investigation of algorithms for filtering in high dimension. In this
section we state a result that improve qualitatively Theorem 4.2—the main result of
Chapter 4—on the analysis of the block particle filter.

We assume to be in the same set up of Chapter 4, and we refer to Section 4.4.2
therein for a discussion that motivates the importance of the following theorem. The
proof of this result, which relies crucially on the generalized comparison theorems
developed in this chapter, is provided in Appendix C, Section C.6.

Theorem 6.13 (Block particle filter, improved version of Theorem 4.2). For any
0 <0 <1 there exists 0 < g9 < 1, depending only on 6 and A, such that the following
holds. Suppose there exist g < e <1 and 0 < k < 1 so that

eq”(a?,2") < p”(a,2") < e7l¢" (2", 27),
0 < q'(a",2") <07
k< g y") < K '

for everyv € V, z,2 € X, y € Y, where ¢° : X¥ x XU — R is a transition density
with respect to Y¥. Then for everyn >0, 0 € X, K € X and J C K we have

v — 72l < acard g e-psom 4 ]

where O < v < % and 0 < «, By, B < 0o depend only on 9, €, k, r, A, and Ax.

In Theorem 6.13, the parameter ¢ controls the spatial correlations while the pa-
rameter 0 controls the temporal correlations (in contrast to Theorem 4.2, where both
are controlled simultaneously by ¢). The key point is that 0 can be arbitrary, and only
¢ must lie above the threshold 9. That the threshold g depends on ¢ is natural: the
more ergodic the dynamics, the more spatial interactions can be tolerated without
losing decay of correlations.

The proof of Theorem 4.2 was based on repeated application of the classical Do-
brushin comparison theorem (Corollary 6.6). While there are some significant dif-
ferences between the details of the proofs, the essential improvement that makes it
possible to prove Theorem 6.13 is that we can now exploit the generalized comparison
theorem (Theorem 6.4), which enables us to treat the spatial and temporal degrees
of freedom on a different footing (see Section C.6).
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Chapter 7

Nonlinear filtering in infinite
dimension

This chapter is devoted to showing that filtering in infinite dimension is qualitatively
different from filtering in finite dimension. We show that new phenomena arise in the
infinite-dimensional setting, specifically that inheritance of ergodicity (in the form of
stability or decay of correlations) can undergo a phase transition in the signal-to-noise
ratio. The qualitative setting of this chapter is complementary to the quantitative
framework previously considered in this thesis. The material here presented is taken
from the paper [12], which further develops this set of ideas by providing conditions
to guarantee inheritance of ergodicity.

7.1 Motivations

In Chapter 4 and Chapter 5 we have shown that local filtering algorithms can at-
tain dimension-free approximation errors in high-dimensional models that exhibit
conditional decay of correlations. The natural tool to capture and exploit decay of
correlations is given by the Dobrushin comparison theorem, and in Chapter 6 we
extended this machinery by introducing more general comparison theorems.

The framework developed in the previous chapters is complementary in nature
to the one developed in the present chapter: the former provide gquantitative esti-
mates under strong (‘high-temperature’) assumptions, while the latter focuses on the
qualitative understanding of ergodic properties of the filter distribution. In fact, as
discussed in Section 4.4.1, the local analysis of filtering algorithms that we have de-
veloped relies on the crucial assumption that we can establish proper forms of filter
stability and decay of correlations. Presently, we address the fundamental question
of the inheritance of such properties upon conditioning.

To discuss the topic of this chapter, let (X, Y:)r>0 be a bivariate Markov chain
of the kind considered in this thesis. Such a model represents the setting of partial
information: it is presumed that only (Y)r>0 can be observed, while (X%)x>o defines
the unobserved dynamics. In order to understand the behavior of the unobserved
process given the observations, it is natural to “lift” the unobserved dynamics to the
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level of conditional distributions, that is, to investigate the nonlinear filter
Tg 1= ]:-)()(]€ € - D/lv ce ,Yk)

Under standard assumptions on the observation structure, the process (7 ) x>0 is itself
a measure-valued Markov chain. The fundamental question that arises in this setting
is to understand in what manner the probabilistic structure of the model (Xy, Yi)r>0
“lifts” to the conditional distributions (7 )g>0-

Of particular interest in this context is the behavior of ergodic properties under
conditioning. It is natural to suppose that the ergodic properties of (X, Yi)g>o will
be inherited by the filter (m;)r>0: for example, if X, forgets its initial condition
as k — oo, then the optimal mean-square estimate of X (and therefore the filter
7) should intuitively possess the same property. Such a conclusion was already
conjectured by Blackwell as early as 1957 [5], and a proof was provided by Kunita
in 1971 [33]. Unfortunately, both the proof and the conclusion are erroneous: it is
elementary to construct a finite-state Markov chain (X, Yx)k>0 that is 1-dependent
(as strong an ergodic property as one could hope for) with observations of the form
Yy = h(X,_1, Xx) such that the corresponding filtering process (7 )x>o is nonergodic,
see Example 7.1 below.!

Despite the appearance of counterexamples already in the most elementary setting,
recent advances have provided a surprisingly complete picture of such problems in a
general setting. On the one hand, it has been shown under very general assumptions
[57, 52] that ergodicity of the underlying model is inherited by the filter when the
observations are nondegenerate, that is, when the conditional law of each observation
P(Y, € -|X) has a positive density with respect to some fixed reference measure.
This is a mild condition in classical filtering models that serves mainly to rule out the
singular case of noiseless observations: for example, the addition of any observation
noise to the above counterexample would render the filter ergodic. On the other hand,
even in the noiseless case, ergodicity is inherited in the absence of certain symmetries
that are closely related to systems-theoretic notions of observability [54, 56, 58, 9].
One can therefore conclude that while there exist elementary examples where the
ergodicity of the model fails to be inherited by the filter, such examples must be
very fragile as they require both a singular observation structure and the presence of
unusual symmetries, either of which is readily broken by a small perturbation of the
model.

The theory outlined above provides a satisfactory understanding of conditional
ergodicity in classical filtering models. Some care must be taken, however, in in-
terpreting this conclusion. The ubiquitous applicability of the theory hinges on the
notion that most filtering models possess observation densities, an assumption made
almost universally in the filtering literature (cf. [13] and the references therein).
This assumption is largely innocuous in finite-dimensional systems. The situation is
entirely different in infinite dimension, where singularity of probability measures is
the norm. There exists almost no mathematical literature on filtering in infinite di-
mension, despite the substantial practical importance of infinite-dimensional filtering

! Surprisingly, the counterexample (intended for a different purpose) appears in Blackwell’s own
paper [5].
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models in data assimilation problems that arise in areas such as weather forecasting
or geophysics [19]. The aim of this chapter is to draw attention to the fact that,
far from being a technical issue, the infinite-dimensional setting gives rise to new
probabilistic phenomena and questions in filtering theory that are fundamentally
different than those that have been studied in the literature to date, and whose
understanding remains limited.

To model a filtering problem in infinite dimension we extend the framework in-
troduced in Section 4.1. We now suppose that (X, Yx)r>o is a Markov chain in the
product state space BV x FV, where E, F' are local state spaces and V is a countably
infinite set of sites (for concreteness, we fix V = Z% throughout). Each element of V/
should be viewed as a single dimension of the model. A more practical interpretation
is that V' defines a spatial degree of freedom and that (X, Ys)k>0 describes the dy-
namics of a time-varying random field, as is the case in data assimilation applications.
In accordance with this interpretation, we will assume that the dynamics of the state
X, and the observations Y}, are local in nature: that is, the conditional distributions
of the local state X, given the previous state Xj;_;, and of the local observation Y}
given the underlying process X, depend only on X’ ; and X}’ for sites w € V' that
are neighbors of v. In essence, our basic model therefore consists of an infinite family
of local filtering models (X}, Y}")x>0 whose dynamics are locally coupled according to
the graph structure of V = Z.

In Section 7.2 we review the classical results on the inheritance of filter stability,
and we discuss Blackwell’s Example 7.1. In Section 7.3 we introduce the canoni-
cal infinite-dimensional model that will be studied in this chapter, and in Section
7.4 we investigate the natural infinite-dimensional version of Blackwell’s Example.
Recall that it was crucial in the finite-dimensional setting that the observations
Y, = h(Xk_1, X) are noiseless: the addition of any noise renders the observations
nondegenerate and then ergodicity is preserved. This is no longer the case in infinite
dimension: even if the local observations Y,’ are nondegenerate, the failure of the
filter to inherit ergodicity can persist. In fact, we observe a phase transition: the
filter fails to be ergodic when the noise is small, but becomes ergodic when the noise
strength exceeds a strictly positive threshold. The remarkable feature of this phe-
nomenon is that no qualitative change of any kind occurs in the ergodic properties of
the underlying model: (X}, Y}")k>00ev is a 1-dependent random field for every value
of the noise parameter. We are therefore in the surprising situation that complex er-
godic behavior emerges in an otherwise trivial model when we consider its conditional
distributions. Such conditional phase transitions cannot arise in finite dimension.

The above example indicates that our intuition about inheritance of ergodicity,
which fails in classical filtering models only in pathological cases, cannot be taken
for granted in infinite dimension even under local nondegeneracy assumptions. This
raises the question as to whether there are situations in which the inheritance of
ergodicity is guaranteed. In view of the finite-dimensional theory, in Section 7.5 we
conjecture that this might be the case under a symmetry breaking assumption. We
refer to the paper [12] for a more detailed discussion on this conjecture, and for some
positive results that go towards proving it.
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In Section 7.6 we turn our attention to the counterpart of the filter stability
problem in the setting of Markov random fields. Such problems provide a simple
setting for the investigation of decay of correlations in filtering problems, and are
of interest in their own right as models that arise, for example, in image analysis
[66, 26]. Here the natural question of interest is whether the spatial mixing properties
of random fields are inherited by conditioning on local observations. Again, we refer
to the paper [12] for more details on the matter.

7.2 Inheritance of ergodicity: classical results

The goal of this section is to set up the basic filtering problem that will be studied in
the sequel. We begin by defining a general setting for nonlinear filtering that slightly
generalizes the one introduced in Chapter 3, and we introduce and discuss the basic
ergodicity question to be studied.

Throughout this chapter, we model dynamics with partial information as a hidden
Markov models where (X}, Y;)r>0 is a Markov chain that has the additional property
that its transition kernel factorizes as

P((Xy, Vi) € AlXs 1, V1) = / (s y) P(Xoor, d2) &(Xy_y, 2, dy)

for given transition kernels P and ®: the factorization corresponds to the assumption
that (X%)k>o0 is a Markov chain in its own right, and that the observations (Y)r>o0
are conditionally independent given (Xj)g>o. More general settings could also be
considered, see [51] for instance.

For the time being, we assume that X and Y} take values in an arbitrary Polish
space (we will define a more concrete infinite-dimensional setting in Section 7.3 below).
The nonlinear filter is defined as the regular conditional probability

T 1= P(Xk S |Y1,,Yk)

We are interested in the question of whether (74)>o inherits the ergodic properties of
the underlying dynamics (Xj)r>o. There are several different but closely connected
ways to make this question precise (cf. Remark 7.3 below). For concreteness, we will
focus attention on one particularly elementary formulation of this question that will
serve as the guiding problem to be investigated throughout this chapter.

We will assume in the sequel that the Markov chain (Xj)r>o admits a unique
invariant measure A. As P(Xj, Yy, € -|Xy_1,Yr_1) does not depend on Yj_; due to
the hidden Markov structure, the invariant measure A extends uniquely to an invariant
measure for the chain (X, Yx)r>0, and we denote the unique stationary law of this
process as P. By stationarity, we can assume in the sequel that (Xj, Yy )kez is defined
also for k < 0.

Throughout this chapter, the ergodic property of (X )r>o that we will consider is
stability in the sense that

IP(X: € A|X,) — A(A)| 2220 in L}
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for every measurable set A: that is, the law of X} “forgets” the initial condition X
as k — o0o. The analogous conditional property is filter stability in the sense that

IP(X) € AlXo,Yi,...,Ys) —P(Xs € AlY4, ..., V)| 22250 in L

for every measurable set A: that is, the conditional distribution of X} given the ob-
served data “forgets” the initial condition X, as k — oo. It is natural to suppose that
stability of the underlying dynamics will imply stability of the filter. This conclusion
is incorrect, however, as is illustrated by the following classical example [5].

Example 7.1 (Blackwell’s example). Let (X)k>0 be an i.i.d. sequence of random
variables with P(X), = 1) = P(X = —1) = 1/2, and let Yy, = X3 Xy_1 for k > 1.
This evidently defines a stationary hidden Markov model with P(x,-) = (61 4+ 6_1)/2
and ®(2',z,) = d,0. Note that

X =XoY1Ys - Y.
We can therefore easily compute for every k > 0

P(X, =1[Xo,Y1,...,Y%) = 1x,-1,
P(Xy = 1[Vi,....Y}) = 1/2.

Thus the filter is certainly not stable. On the other hand, underlying dynamics (Xi)r>o
15 an i.1i.d. sequence, and is therefore stable in the strongest possible sense:

P(Xy € A|Xo) = A(A)  forallk > 1.

Moreover, even the process (X, Yi)k>o is stable in the strongest possible sense: it is
a 1-dependent sequence, so that P((Xy,Yr) € A|Xo,Yo) = P((Xk, Vi) € A) for all
k> 2.

Example 7.1 shows that the inheritance of ergodicity under conditioning cannot
be taken for granted. Nonetheless, the phenomenon exhibited here is very fragile: if
the observations are perturbed by any noise (for example, if we set Y, = X X 1&
with P(§ = —1) = 1 —=P({ = 1) = p and any 0 < p < 1), the filter will become
stable. The inheritance of ergodicity is therefore apparently obstructed by the singu-
larity of the observation kernel ®. To rule out such singular behavior, it is natural
to require that the observation kernel ® possesses a positive density with respect to
some reference measure . A model with this property is said to possess nondegen-
erate observations. One might now expect that nondegeneracy of the observations
removes the obstruction to inheritance of ergodicity observed in Example 7.1. Un-
fortunately, this is still not the case in complete generality, as is demonstrated by
an esoteric counterexample in [59]. However, the conclusion does hold if we use a
stronger uniform notion of stability.

Theorem 7.2 (Inheritance of stability [57]). Suppose that the following hold.
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1. The underlying dynamics is uniformly stable in the sense

sup [P(X;, € A|Xo) — A(A)] 2220 in L
A

2. The observations are nondegenerate in the sense
(2’ 2, dy) = g(a',x,y) p(dy),  g(@’,x,y) >0 for all z,2",y.
Then the filter is uniformly stable in the sense

sup |P(Xy € A|Xo,V1,.... V) = P(X, € A[V4,... . Y)| =250 in L.
A

This result, together with the mathematical theory behind its proof provides a very
general qualitative understanding of the inheritance of ergodicity in classical filtering
models. However, as will be explained below, this theory breaks down completely in
infinite-dimensional models. In the remainder of this chapter, we will see that new
phenomena arise in the infinite-dimensional setting.

Remark 7.3 (Different formulations of filter stability). The question of inheritance
of ergodic properties under conditioning can be formulated in a number of different
ways. For concreteness, we focus our attention in this chapter on the elementary
formulation introduced above. As the choice of problem is somewhat arbitrary, let us
briefly describe a number of alternative formulations.

In the setting of stability of the filter, we have considered “forgetting” of the initial
condition Xo under the stationary measure. Similar problems can be formulated,
however, in a more general setting. Denote by P* the law of the process (X, Yi)r>0
with the initial distribution Xo ~ p. A natural notion of stability is to require that

k—o00

PH (X, €:) ——= X for every p

i a suitable topology on probability measures. If we define the filter started at p
as mp = PH(X) € |Y1,...,Y,), we can now investigate the general filter stability

problem
k—o00

7 (f) = m (f)] =0 in L'(P7)
for a suitable class of measures p, v,y and functions f. The formulation that we
consider in this chapter corresponds to the special case v = X and p = v = 0, for x
outside a A-null set. Nonetheless, our formulation proves to be equivalent in a rather
general setting to stability for general initial measures p,v,~y, cf. [13, Chapter 12] and
57, 52].

A different and perhaps more natural formulation dates back to Blackwell [5] and
Kunita [75]. Using the Markov property of the underlying model, it is not difficult
to show that the measure-valued stochastic process (mx)i>o s itself a Markov chain,
cf. [09, Appendiz A]. One can now ask whether the ergodic properties of the Markov
chain (Xg)k>0 “lift” to ergodic properties of the Markov chain (. )k>o. For example, if
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(Xk)k>0 admits a unique stationary measure, does (Ty)k>0 admit a unique stationary
measure also? Similarly, if (Xi)k>0 converges to its stationary measure starting from
any nitial condition, does the same property hold for (my)i>0? Remarkably, while
these questions appear in first instance to be quite distinct from the question of filter
stability, such properties again prove to be equivalent in a very general setting to the
notion of filter stability that we consider in this chapter, cf. [35, /5, 0, 13, 50].

A third formulation of inheritance of ergodicity under conditioning is obtained
when we consider, rather than the filter, the conditional distribution of the entire
process X = (Xy)kez given the infinite observation sequence Y = (Yy)gez. Using the
Markov property of the underlying model, it is not difficult to establish that X is still a
Markov process under the conditional distribution P(-|Y"), albeit time-inhomogeneous
and with transition probabilities that depend on the realized observation sequence Y :
that is, the conditional process is a Markov chain in a random environment. One
can now ask whether the process X inherits its ergodic properties under P when it
is considered under the conditional distribution P(-|Y). Once again, this apparently
distinct formulation proves to be equivalent in a general setting the formulation con-
sidered in this chapter, a fact that is exploited heavily in the theory of [57, 52].

It is now well understood that the properties described above are equivalent in clas-
sical filtering models. While some of these arguments extend directly to the infinite-
dimensional setting, others do not, and it remains to be investigated to what extent
these equivalences remain valid in infinite dimension. Nonetheless, the problem for-
mulation considered here is arguably the most elementary one, and provides a natural
starting point for the investigation of conditional phenomena in infinite dimension.

Remark 7.4 (On observability). Even when the underlying dynamics (Xy)g>o is not
stable, it may be the case that the filter is stable. For example, using the trivial obser-
vation model Yy, = X, the filter is stable regardless of any properties of the underlying
model. More generally, the filter is expected to be stable when the observations are
“sufficiently informative,” which is made precise in [5/, 50, 58] in terms of nonlinear
notions of observability. Such results are in some sense the opposite of Theorem 7.2:
the latter shows that ergodicity is inherited by the filter, while the former show that
the filter can be ergodic regardless of ergodicity of the underlying model (even without
nondegeneracy). None of these results prove to be satisfactory in infinite dimension:
it appears that a general theory for ergodicity of the filter will require both ergodicity
of the underlying model and some form of observability, as will become evident in the
following sections.

7.3 The infinite-dimensional model

The aim of this chapter is to show that new phenomena arise in filtering theory in
infinite dimension. So far, no assumptions have been made on the model dimension:
we have set up our theory in any Polish state space. Nonetheless, while no explicit
dimensionality requirements appear, for example, in Theorem 7.2, the assumptions
of previous results can typically hold only in finite-dimensional situations. To under-
stand the problems that arise in infinite dimension, and to provide a concrete setting
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for the investigation of conditional phenomena in infinite dimension, we presently in-
troduce a canonical infinite-dimensional filtering model that will be used in the sequel
(this model represents a generalization of the finite-dimensional model considered in
Section 4.1).

The practical interest in infinite-dimensional filtering models stems from problems
that have spatial in addition to dynamical structure. To model this situation, let us
assume for concreteness that the spatial degrees of freedom are indexed by the infinite
lattice Z¢. We also define Polish spaces E and F' that describe the state of the model
at each spatial location. We now assume that X, and Y} are random fields that are
indexed by Z? and take values locally in E and F, respectively, for every time k: that
is,

Xp = (X)peze € B and Yy = (V)yena € F*'.
Each v € Z% should be viewed as a single “dimension” of the model.? We now define a
hidden Markov model that respects the spatial structure of the problem by assuming
that both the underlying dynamics and the observations are [ocal: that is, we assume
that the transition and observation kernels P and ® factorize as

P(z,dz) HP”xdz O(x, z,dy) = H@”xzdy

vEZA veZD

where
P?(xz,A) and ®%(z,z,B) depend only on 2, 2" for ||w —v|| < 1.

Such a model should be viewed as a hidden Markov model counterpart of probabilistic
cellular automata [35] or interacting particle systems [30] that have been widely in-
vestigated in the literature as natural models of space-time dynamics. Alternatively,
one might view such a model as an infinite collection (X}, Y}?)k>o of hidden Markov
models whose dynamics and observations are locally coupled to their neighbors in Z¢.

While problems of this type have been rarely considered in filtering theory, the
infinite-dimensional model that we have formulated is in principle a special case of
the general model described in the previous section. However, its structure is such
that the assumptions of a result such as Theorem 7.2 typically cannot hold. Let
us consider, for example, the setting where each local observation Y has a positive
density of the form ®Y(z,z,dy") = g(z%,y") ¢(dy”), so that the observations are
locally nondegenerate. Choose two values e, ¢’ € E such that g(e,-) # g(¢,-), and
define the constant configurations z, 2’ as z¥ = e and 2/* = ¢’ for all v € Z%. Then
the measures ®(x, z,-) and ®(x, 2, -) are two distinct laws of an infinite number of
i.i.d. random variables, and are therefore mutually singular (cf. Proposition 2.14).
This immediately rules out the possibility that the observations are nondegenerate
in the sense of Theorem 7.2. It is precisely this problem that lies at the heart of the

2 The present setting is easily extended to the setting of more general locally finite graphs and
to the setting where each location v may possess a different local state space EV. Such an extension
does not illuminate significantly the phenomena that will be investigated in the sequel. On the
other hand, a nontrivial extension of substantial interest in applications is to continuous infinite-
dimensional models such as stochastic partial differential equations, cf. [19].
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difficulties in infinite-dimensional models: probability measures in infinite dimension
are typically mutually singular, even when they admit densities locally (that is, for
any finite-dimensional marginal); see Section 2.4. In the absence of densities, classical
results in filtering theory cannot be taken for granted, and the study of filtering
in infinite dimension gives rise to fundamentally different problems than have been
studied in the literature to date. We initiate the investigation of such problems in
the sequel.

Remark 7.5 (Observations: the problem in infinite dimension). The singularity
of measures in infinite dimension is problematic not only for the nondegeneracy of
observations, but also for the ergodic theory of Markov chains. For example, the
uniform stability property in Theorem 7.2 will rarely hold in infinite dimension: it is
often the case that the law of Xy is singular with respect to A for all k < oo, which
rules out total variation convergence (see [52, Example 2.3] for a simple illustration,).
However, this issue is surmounted in [5°] using a form of localization: by performing
the analysis of Theorem 7.2 locally (that is, to finite-dimensional projections of the
original model), we can avoid the singularity of the full infinite-dimensional problem.
This allows to extend the conclusion of Theorem 7.2 to a wide range of infinite-
dimensional models with nondegenerate observations. In practice, this implies that
much of the classical filtering theory extends, at least in spirit, to models where X,
is infinite-dimensional but Yy, is (effectively) finite-dimensional. It is only when the
observations Y}, are also infinite-dimensional that new phenomena arise.

Remark 7.6 (On infinite-dimensional models). Let us note that we have used the
term “infinite-dimensional” to denote the situation where there are infinitely many
independent degrees of freedom, which is the key issue in our setting. The problem of
dimension is unrelated to the linear algebraic or metric dimension of the state space:
indeed, even each of the local state spaces E and F in our model can itself be an
arbitrary Polish space. Conversely, it is possible to have infinite-dimensional systems
that are “effectively finite-dimensional” in the sense that only finitely many degrees
of freedom carry significant information. This is common, for example, in stochastic
partial differential equations (see, e.q., [52]). See also Section 2./.

At the same time, it should be noted that even in finite-dimensional systems where
results such as Theorem 7.2 technically apply, the qualitative information contained
in such statements may be misleading from the practical point of view: n finite but
high-dimensional systems, phenomena that arise qualitatively in infinite dimension
are still manifested in a quantitative fashion (see Chapter j for quantitative results
and discussion on filtering in high dimension). For example, if the filter is not stable
for the infinite-dimensional model, it will often still be the case that the filter is stable
for every finite-dimensional truncation of the model; however, the quantitative rate
of stability will vanish rapidly as the dimension is increased. Conversely, if the filter
1s stable for the infinite-dimensional model, then the rate of stability of the filter for
the finite-dimensional models will be dimension-free. As it is ultimately the quantita-
tive behavior of filtering algorithms that is of importance in practice, the qualitative
phenomena investigated here in infinite dimension can still provide more insight into
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the behavior of practical filtering problems in high dimension than classical results in
filtering theory.

7.4 A conditional phase transition

We now develop a simple example of the general infinite-dimensional setting of Section
7.3 where we observe nontrivial behavior of the inheritance of ergodicity. This model,
to be described presently, is a natural infinite-dimensional variation on Blackwell’s
counterexample (Example 7.1 above).

Throughout this section,

X = (XD)ez € {-1,1}2  and  Yi= (Y, Y ez € ({—1,1} x {—1,1})%
are binary random fields in one spatial dimension. We let
(X7 )kwez are iid. with P(X; =1) =1/2,

and we let .
Yy = XiX0A& Yy = XpXpte,
where
() kwezs (E))kwez are iid. with P(E) = —1) = p

and (§))kwvez, (§4)kwez are independent of (X} vez.-

This evidently corresponds to a model of the form discussed in Section 7.3. In
words, the underlying dynamics is of the simplest possible type: each time and each
spatial location is an independent random variable. When p = 0, the observations
reveal for each site whether its current state differs from its state at the previous
time and from the states of its two neighbors at the present time. When p > 0, each
observation is subject to additional noise that inverts the outcome with probability
p. By symmetry, it will suffice to consider the case p < 1/2, which we will do from
Now on.

The model that we have constructed is evidently a direct extension of Example
7.1 to infinite dimension. As in Example 7.1, the process (Xj, Yi)iez is ergodic in
the strongest sense, so that even the uniform stability assumption of Theorem 7.2 is
satisfied. When p = 0, it is easily seen by the same reasoning as in Example 7.1 that
the filter is not stable. However, in Example 7.1 the addition of observation noise
with error probability p > 0 would yield nondegenerate observations, and thus filter
stability by Theorem 7.2. In the present setting, on the other hand, nondegeneracy
fails for any p. Nonetheless, the observations are locally nondegenerate when p > 0,
and one might conjecture that this suffices to ensure inheritance of ergodicity. This
is not the case.

Theorem 7.7 (Inheritance of stability, phase transition). For the model of this
section, there ezist constants 0 < p, < p* < 1/2 such that the filter is stable for
p* < p <1/2 and is not stable for 0 < p < py.
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We refer to Appendix D for the proof of Theorem 7.7. The proof relies on standard
tools from statistical mechanics [7, 27]: a Peierls argument for the low noise regime
and a Dobrushin contraction method for the high noise regime.

Remark 7.8. We naturally believe that one can choose p, = p* in Theorem 7.7, but

we did not succeed in proving that. The proof yields some explicit bounds on p, and

P .

Theorem 7.7 shows that local nondegeneracy does not suffice to ensure inheri-
tance of ergodicity in infinite dimension: ergodicity of the filter undergoes a phase
transition at a strictly positive signal to noise ratio of the observations. Remarkably,
the underlying model does not seem to exhibit any qualitative change in behavior:
(X2, Y )kwez is a one-dependent random field for every value of the error probability
p. Thus it is evidently possible in infinite dimension that complex ergodic behavior
emerges in an otherwise trivial model when we consider its conditional distributions.

7.5 Conjecture on inheritance of stability

Theorem 7.7 shows that inheritance of ergodicity under conditioning cannot be taken
for granted in infinite dimension even when the model is locally nondegenerate. Are
such phenomena prevalent in infinite dimension, or are they restricted to some care-
fully constructed examples? We would like to understand in what situations such
phenomena can be ruled out, both from the mathematical perspective and in view
of the importance of filter stability (as well as spatial decay of correlations in infinite
dimension) for the performance of practical filtering algorithms, as seen in Chapter 4
and Chapter 5.

It is not difficult to understand the mechanism that causes the filter to be un-
stable in Theorem 7.7. In this model, the observations possess a global symmetry:
the conditional law of Y is unchanged under the transformation X — —X. This
symmetry renders the filter trivially unstable in the absence of observation noise, in
precise analogy with Example 7.1. In the finite-dimensional case, however, Theorem
7.2 shows that the addition of any observation noise suffices to ensure that ergod-
icity of the underlying model is not broken by the additional symmetry introduced
by conditioning. The surprise in infinite dimension is that the qualitative effect of
the added symmetry still persists in the presence of observation noise. Thus local
nondegeneracy in itself does not suffice to ensure the inheritance of ergodicity under
conditioning.

On the other hand, the phenomenon exhibited in Theorem 7.7 evidently cannot
arise in models that do not possess observation symmetries. It seems natural to
conjecture that the presence of such symmetries is the only possible obstruction to
inheritance of ergodicity under conditioning: that is, inheritance of ergodicity is en-
sured once observation symmetries are ruled out. It is not entirely obvious, however,
how such a principle can be rigorously formulated. On the other hand, even in the
absence of a general definition, this intuitive notion should certainly be satisfied in
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many elementary observation models. For example, let us state the following sim-
ple conjecture, which encapsulates the essence of the above intuition in the simplest
possible setting.

Conjecture 7.9. Let (Xy, Yi)rez be a stationary infinite-dimensional hidden Markov
model as in Section 7.3 with Xy, € {—1,1}2 and with Yy € {—1,1}Z of the form

Yy = X, (&) kwez are t.i.d. L X with P(§) = —1) =p.
If the underlying process (Xi)kez is stable, then the filter is stable.

The idea behind this conjecture is that the direct observation structure Y, = X/¢&/
is evidently devoid of symmetries for any p # %: every configuration z € {—1,1}%
gives rise to a distinct observation law P (Y} € - |X) = z) (the case p = 1 is trivial as
then Y 1L X; we will therefore assume p # % in the sequel). Thus any mechanism of
the type exhibited by Theorem 7.7 is ruled out, and it seems hard to imagine another
mechanism by which ergodicity of the underlying process could be obstructed due to
conditioning on such informative observations. Despite the seemingly obvious nature
of this conjecture, we were not able to prove such a result in a general setting.

The idea that stability of the filter is related to the absence of symmetries is not
new in the infinite-dimensional setting. It arises already in classical filtering models
for a somewhat different reason: it may happen that the filter is stable even when the
underlying model is not ergodic. In such situations, stability properties can emerge
under the conditional distribution due to the informative nature of the observations;
in essence, the filter will “forget” its initial distribution as the information contained
therein is superseded by the information in the observations. This phenomenon was
made precise in the papers [54, 56, 58]. While the theory developed in these papers
is closely related to the symmetry breaking properties that we aim to exploit here,
these results are not satisfactory in infinite dimension.

In the paper [12] we extend such observability arguments to translation-invariant
systems in infinite dimension by exploiting a technique from multidimensional ergodic
theory [12]. Somewhat surprisingly, the problem proves to be more tractable in
the continuous-time setting, for which will establish validity of the natural analogue
of Conjecture 7.9. In its original discrete time formulation, however, our ultimate
result falls short of establishing Conjecture 7.9 even for translation-invariant models.
Nonetheless, the theory developed here provides one possible mechanism for symmetry
breaking in conditional ergodic theory.

7.6 Conditional random fields

Thus far we have considered infinite-dimensional counterparts of classical stability
problems in nonlinear filtering. However, new questions arise in infinite dimension
beyond stability that are of interest in their own right. In particular, for the theory
developed in Chapter 4 and Chapter 5 it is of significant interest to understand
the spatial mixing and decay of correlations properties of conditional distributions
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in infinite dimension, which could be viewed as spatial counterparts to the filter
stability property. Such questions already arise in the absence of dynamics, and thus
we proceed in this section to introduce such problems in the most basic setting of
conditional random fields (that is, in models with only spatial degrees of freedom).
Our motivations for such questions are threefold:

1. Random fields provide the simplest possible setting to investigate the spatial
mixing properties of conditional distributions.

2. Conditional random fields are of practical interest in their own right, for exam-
ple, in Bayesian image analysis applications [66, 20].

3. Even in the more classical setting of the previous sections, the random field
viewpoint proves to be fundamental to the understanding of filter stability in
infinite dimension: indeed, the proofs in Section 7.4 and in Chapter 4 and
Chapter 5 exploit the idea that (X}, Y\")rez.veze can be viewed as a space-time
random field.

The remainder of this chapter is organized as follows. In Section 7.6.1, we recall
some basic notions from the theory of Markov random fields. In Section 7.6.2, we de-
velop basic properties of conditional random fields and introduce some of the relevant
questions.

7.6.1 Markov random fields

A random field is a collection of random variables X, that are indexed by the spatial
degree of freedom v. For simplicity, we will assume in the sequel that v € Z? and
that each X, takes values in a finite set E.

In the following, we define for any V C Z4

Vei=74V, IV :={w eV |Jlv—w| =1 for some v € V}, Xy = (Xy)vev-
If V is a finite subset of Z%, we will write V' CC Z%. We now recall a basic definition.

Definition 7.10. X = (X,),cze is called a Markov random field if it possesses the
(local) Markov property, that is, P(Xy € -|Xye) depends only on Xgyv for every
Vccz

Just as Markov chains are defined by transition probabilities, Markov random
fields are defined by a family of local transition kernels called a specification [27,
Chapter 1] (cf. Remark 6.1).

Definition 7.11. A family v = (v )vccza of transition kernels on E%* such that
1. y(z, A) is a function of xgy for every measurable A C EX andV cC VA
2. y(x, A) = 14(z) for every A € o{Xy.} and V CC Z4,
3. ywyw = v for every W C V CC Z7,
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1s called a specification. A Markov random field X is said to be specified by v if we
have P(X € A|Xye) = (X, A) for every measurable set A and V CC Z*. The
family of all laws of Markov random fields specified by v is denoted ().

Example 7.12. Standard constructions of Markov random fields arise in statistical
mechanics in the following manner. Let v, : E — R and ¢pwy : E X E — R for

v,w € Z% with ||v — wl|| =1 be given potential functions, and let
1
ved)- ¥ n@en( T )t X))
zyeEY {v,w}CVUOV:|lv—w||=1 veV

where Z 1s the appropriate normalization factor. It can be easily verified that v =
(W)veeza defines a specification.  The potentials 1), and g, .y describe the local
external and interaction forces between different sites, and are defined directly in
terms of the physical parameters of the problem. For example, if E = {—1,1},
Crowy(0,0") = BJod’, and (o) = Buo with B,J > 0 and p € R, this is the well
known ferromagnetic Ising model with inverse temperature 3, interaction strength J
and magnetic field strength p. The construction in terms of potentials will be inessen-
tial in the sequel, however.

Given a specification ~, there always exists a random field in ¢(v) under our
assumptions. However, just as a Markov chain with given transition probabilities
may admit more than one stationary distribution, the random field associated to a
given specification need not be unique. In fact, the structure of the set ¥(7) is closely
related to the spatial mixing properties of the associated random fields, as is shown
by the following result [27, section 4.4, Proposition 7.11, Theorem 7.7]. To interpret
the notion of extremality that arises here, note that if P and Q are the laws of two
random fields in 4(7), then AP 4 (1 — \)Q is also in ¥() for 0 < A < 1 [27, Chapter
7]; thus ¢4(7) is a convex set, and a random field is called extremal if it is an extreme
point of this set.

Theorem 7.13. For a given specification v, the following hold.
1. Ezistence of a random field: 9 () # &.
2. Uniqueness < uniform mizing: |9(7)| = 1 iff a random field in 4 () satisfies®*

lim sup |P(Xy € Al Xwe =awe) —P(Xy € A)|=0
wcczd g

for every set A and V CC Z°.

3 Here we used the suggestive notation P(X € C|Xwe = xwe) := yw(z,C) to emphasize the
significance of the mixing property. Note that P(X € C|Xw<) = yw(X,C) holds a.s. by the
definition of ¢ (), but the equivalence between uniqueness and uniform mixing is false if a null set
is omitted in the supremum over zx.

4 The notation limy ay denotes the limit of the net {aw }, where {W ccC Z4} is directed by
inclusion.
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3. Eztremality < mixing: the random field X is an extreme point of 4 (v) iff

lim E[P(Xy € A|Xy.) — P(Xy € A)| =0

wcczd
for every set A and V CC Z°.

The mixing property in Theorem 7.13 is a direct spatial analogue of the stability
property of a Markov chain introduced in Section 7.2. Indeed, a Markov chain is
stable if it forgets its initial condition after a long time: that is, the Markov chain
has a “finite memory.” Similarly, a random field is mixing if the distribution of
any finite set of sites V' is insensitive to knowledge of the configuration of the field
outside a larger set W when the distance between V' and W€ is large. This implies
in particular that distant sites are nearly independent, that is, the field has “finite
correlation length.” The uniform mixing property is a strictly stronger notion, where
the forgetting property holds uniformly in the boundary configuration xay (recall
that by the Markov property of the random field, P(X € C|Xy. = zw.) depends on

Tow only).

7.6.2 Conjecture on inheritance of decay of correlations

In the following, let us fix a specification v and a Markov random field X = (X)), czq
that is specified by . In order to investigate the conditional distributions of random
fields, we must introduce a suitable observation structure. To this end, in analogy
with Section 7.3, let us fix for each v € Z? a transition kernel ®, from the state space
E of the random field to a measurable space F' in which the observations take their
values. We now construct the observations Y = (Y, ),ez¢ such that

veZ

that is, each site of the underlying field is observed independently with P(Y, €
AlX,) = &,(X,,A). The resulting model (X,,Y,),cza is called a hidden Markov
random field.

Remark 7.14. For notational simplicity, we have formulated our model such that the
observations are attached to individual sites v € Z2. One could also consider more
general models, for example, where an observation Yy, .y is attached to every edge
{v,w} C Z%, |lv —w| =1 with P(Y,uy € AIX) = @0y (Xy, Xuy A) (¢f. Ezample
7.17). The results of this section will continue to hold in this setting with minor
modifications.

We can now formulate the natural counterpart of the filter stability property in
hidden Markov random fields: the model is said to be conditionally mixing if the
conditional distribution of the underlying process in a finite set of sites given the
observations is insensitive to knowledge of the configuration of the field at distant
sites.
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Definition 7.15. The hidden Markov random field (X,,Y,)yeza is conditionally mix-
ing if
lim E[P(Xy € A|Xw.,Y) — P(Xy € A|Y)| =0

wcczd

for every set A and V CC Z°.

The basic question to be addressed in this setting is therefore: when is the mizing
property inherited by conditioning, that is, when does the mixing property of the
random field X imply the conditional mixing property of (X,Y")?

It will be insightful to reformulate the problem in different terms. For simplicity,
we will assume in the sequel that the observations are locally nondegenerate, that is,
that ®,(z,, dy,) = gu(Ty, yu) p(dy,) for some positive density g,(z,,y,) > 0 for all

x’U? y'U'
Proposition 7.16. Define for every y € F and V CC Z% the transition kernel on
E*

. f 1A(z) HUEV gv(zm yv) 7V($a dZ)

Wr, A) =
V( ) fnyev gv(zwyv) '7V(17,d75>
Then the following hold.

1. ¥ = (W)vceza is a specification for every y € Z°.
2. P(X e |Y)isin9(yY) as.
3. (X,Y) is conditionally mizing iff P(X € -|Y) is extremal in 4(v¥) a.s.

Proof. We begin by verifying that 7Y is a specification. To this end, let W C V CC
7. As yyyw =y and v (fg) = gyw f if g(x) depends only on e, we can write

/1A(z> 11 9o v) w(z,d2)

veV

:/7%(2514)/ I 90(zusv) w (@ dz) T 90(zhw0) (2, d2')

weWw veV\W

_ /vé’v(z,A) TT 90 (0, 0) 0 (2, d2).

veV

Thus 171 = 77, and the remaining properties of a specification hold trivially.

Next, we show that P(X € -|Y) is in 4(y¥) a.s. To this end, let us fix any
regular version PY of the conditional distribution P(-|Y). We must show that for
a.e. observation record y, we have P¥(X € A|Xy.) = 1 (X, A) for all A, that is, we
must show that

EY(v(X,A)1p) =PY({X € A} N B) for every measurable A and B € o{Xy-}

holds for P-a.e. y. Is easily seen by the definition of a hidden Markov random field
that
(X, A) =P(X € A Xy.,Y).
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We therefore have
E(Ww (X, A)lple) =P{X € A}nBNO)
for every A and B € 0{Xy.}, C € o{Y}. It follows by disintegration that
EY (1}/(X, A)15) = PY({X € 4} N B)

holds P-a.s. for a fixed choice of A, B € 0{Xy.}, and thus simultaneously for a
countable family of sets A and B € o{Xyc}. By choosing the countable family
to be a generating class (note that all our o-fields are countably generated), the
above identity holds simultaneously for every A and B € o{Xy<} by a monotone
class argument. As there are only countably many V CC Z¢, we have proved that
P(X € -|Y)isin 9(7Y) as.

Finally, we consider the conditional mixing property. As the limit in the definition
of (conditional) mixing is over a decreasing net (by Jensen’s inequality), it suffices
to consider the limit along any fixed cofinal increasing sequence W,, CcC Z4. Thus
by the martingale convergence theorem, the conditional mixing property holds if and
only if

nh_)rgoE( IP(X € Al Xw:,Y)-P(X cAlY)||Y)=0 as.
for every V.CC Z* and A € o{Xy}. As we have shown that P(X € A|Xy.,Y) =
Y, (X, A) = PY(X € A|Xy,), the conditional mixing property is equivalent to

lim EY|PY(X € A|Xyw.) —PY(X € A)] =0 for P-a.e.y

n—oo

for every V. cC Z% and A € 0{Xy }. But by the martingale convergence theorem

lim BY|PY(X € A[Xy:) — PY(X € A)| = BY[PY(X € AN, 0{Xw:}) — PY(X € A)|.

n—o0

Thus we can again use a monotone class argument as above to remove the dependence
of the P-null set on V' and A. Thus (X,,Y,),cza is conditionally mixing if and only if

lim EY|PY(X € A|Xw) -PY(X € A)| =0 forevery V CC Z%, A€ o{Xv}
WCCZ

holds for P-a.e. y, which is precisely the mixing property of P(X € - |Y). O

Proposition 7.16 shows that the conditional distribution P(X € - |Y') defines again

a (random) Markov random field, and gives an explicit expression for its specification

Y. The inheritance of ergodicity can now be formulated in terms of the ergodic

properties of the conditional field. In particular, we can pose two natural questions:
1. If P(X € -) is extremal in ¢(v), when is P(X € -|Y) extremal in (1Y) a.s.?

2. If |9(7)| =1, when is |9(7¥)| =1 a.s.?
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The first question is evidently the direct spatial analogue of the filter stability prob-
lem: when is the mixing property inherited by the conditional distribution? The
second question is analogous, but for the uniform mixing property. It is evident from
Theorem 7.13 that |4(yY)] = 1 a.s. implies the conditional mixing property. The
stronger conclusion |4 (7Y)| = 1 a.s. is perhaps less natural from the point of view of
conditional distributions, but is of practical relevance in its own right as it is closely
connected with the computational complexity of MCMC methods for Bayesian image
analysis [20].

As in the filter stability problem, local nondegeneracy of the observations does
not suffice to obtain an affirmative answer to either of the above questions. In fact,
we have a direct analogue of the example given in Section 7.4.

Example 7.17 (Inheritance of decay of correlations, phase transition). Let E =
F ={—1,1}, and define the random field (X,),eczz such that X, are i.i.d. symmetric
Bernoulli random variables. It is evident that this model is uniformly mixing in the
most trivial sense (thus uniqueness and extremality both hold).

We now attach an observation Y, .y to each edge {v,w} C Z%, |jlv —w| =1 by
setting Yipwy = XoXwlfowy With §ywy i.4.d. and independent of X with P(&ow =
—1) = p. In this manner, we evidently obtain a direct counterpart of the model of
Section 7.4. While the observations in this model are defined on the edges rather than
on the vertices as we have done in this section, a result that is entirely analogous to
Proposition 7.16 holds in this setting (see also Remark 7.1/ above and Remark 7.18
below).

We can now proceed identically as in the proof of Theorem 7.7 to show that there
exists 0 < py, < 1/2 such that the hidden Markov random field (X,Y) fails to be
conditionally mixing for p < p,. In fact, this is precisely the idea behind the proof of
Theorem 7.7 in the first place: the model (X},Y,\!)kvez is considered as a space-time
random field, and the problem is addressed using classical methods from statistical
mechanics.

The present example could be considered as a toy model in image analysis. The
underlying field X represents a grid of black or white pixels of an image, and the
observations Y correspond to noisy measurements of the gradient of the image at
each point. Thus we see that the ability to reconstruct the image based on the noisy
gradient information undergoes a phase transition at a positive signal-to-noise ratio.

Remark 7.18. The use of edge observations in Example 7.17 is merely cosmetic:
the same example can be reformulated in terms of vertexr observations. Indeed, let us
define the random field (X, f/v)vezdz~ with X, € {—1,1} and Y, € {—1,1}? by setting
X, = (XvaXer(O,l)aX'qu(l,O)) and Y, = (XUXU+(0,1)§{v,v+(0,1)},XUXU+(1,0)f{v,v+(1,0)});
where X, and &y are as in Example 7.17. Then X s still a uniformly mizing
Markov random field, the observations Y are locally nondegenerate, and P(f(1 €
V) = P(X € -|Y). In particular, the above conditional phase transition arises
identically in this formulation.

In view of the above, the inheritance of mixing properties of random fields under
conditioning cannot be taken for granted. Just as in the filter stability problem,
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however, it is natural to expect that conditional mixing will hold in the absence of
observation symmetries. Such a conjecture is often implicit in work on Bayesian
image analysis (cf. [26, p. 6]). For example, we can formulate the natural analogue
of Conjecture 7.9.

Conjecture 7.19. Let (X,,Y,)ezz be a hidden Markov field with E = F = {—1,1}
and
Y, = X,&,., (&)vezz are .i.d. 1L X with P(§, = —1) = p.

If the underlying random field X is mixing, then the model is conditionally mizing.
We do not know how to prove such a conjecture in a general setting. However, in
[12] we establish the validity of such a result under monotonicity assumptions on the

underlying field. This provides an entirely different mechanism for the inheritance of
ergodicity than the observability theory.
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Appendix A

Block particle filter: proofs

The goal of this appendix is to prove Theorem 4.2. We refer to Section 4.5 for an
overview of the main ideas in the proof that we are going to present.
Theorem 4.2 yields a bound on ||7# — 7#|| ;. As

sy = w5l < Ml = walll, + 17 = il
vV vV
bias variance

it suffices to bound each term in this inequality. As was explained in Section 4.5.1,
the first term quantifies the bias of the block particle filter, while the second term
quantifies the variance of the random sampling. The bias term will be bounded in
Theorem A.12 below, while the variance will be bounded in Theorem A.21. The
combination of these two results immediately yields Theorem 4.2.

The Dobrushin comparison method, as discussed in Section 4.5.2, is the main
workhorse of our proof. To use this method, we must be able to bound the quantities
Ci;, b;, and D;; that appear in the Dobrushin comparison theorem (Theorem 2.11).
We have already introduced in Section 2.3 and Section 2.4 some elementary lemmas
for this purpose. We also need the following lemma to bounds Cj;.

Lemma A.1 (Minorization condition). Let v,v',v,~" be probability measures on a
measurable space (E,E), and let € > 0 be such that v(A) > ey(A) and V' (A) > ev'(A)
for every measurable set A. Then

v =l <201 =€) +elly =7l

In particular, if v =+, then ||[v —V'|| < 2(1 —¢). The same conclusion holds if the
Il - I-norm is replaced by the || - ||-norm.

Proof. Aspp=(1—¢) Y (v—ev) and p/ = (1—¢)" (v —&7/) are probability measures
and v — v = (1 —¢e)(p— i) + e(y — ), the result follows readily. O
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A.1 Local stability of the filter

The main goal of this section is to prove a local stability bound for the nonlinear filter.
We begin, however, by introducing a number of objects that will appear several times
in the sequel.

For any probability measure p on X and z, 2z € X, v € V', we define

o (A) :=PH(X{ € AXTW = g0 X = )

S 146 e P (@, 2*) iy (da”)
T e P* (@, %) pi(dav)

(recall the notation p? := P*(X{ € - |XS/\{U} = 2V \*}) in Section 4.5.2). Let
w 1 v v
va’ = 5 sup sup H:u’x,z - Mi,z”
2€X g zeXaV\ VI =gV \{v'}

for v,v" € V. The quantity

Corr(u, f) := max Z ePAvon

veV
eV

could be viewed as a measure of the degree of correlation decay of the measure pu
at rate § > 0. It will turn out that this (not entirely obvious) measure of decay
of correlations is precisely tuned to the needs of the proof of Theorem 4.2. This is
due to the fact that the measures yj , arise naturally when applying the Dobrushin
comparison method to the smoothing distributions as discussed in Section 4.5.2.

Proposition A.2 (Local filter stability). Suppose there exists € > 0 such that
e <p(w, ) <e! forallveV, x,ze X
Let p,v be probability measures on X, and suppose that

1
Corr(p, B) + 3(1 — e22)e?"A? < 5

for a sufficiently small constant B > 0. Then we have
IFpFopapp —Fo - Fopavls

— — _ ’ ’ /
< 2e770 Y “max e M) sup (|ul, — vy,
eV z,z€X ’ ’

veJ

for every J CV and s < n.

Remark A.3. There is nothing magical about the constant 1/2 in the decay of cor-
relations assumption; any constant ¢ < 1 would work at the expense of a constant
1/(1 = ¢) rather than 2 in the filter stability bound. As our methods are not expected
to yield tight quantitative bounds, we have taken the liberty to fix various constants of
this sort throughout the following sections for aesthetic purposes.
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Remark A.4. Note that by Lemma 2.9

2
il =2l < g i =Y

This yields a slightly cleaner bound in Proposition A.2 with a worse constant. For
our purposes, however, it will be just as easy to bound |2, — v | directly.

Proof. Define the smoothing distributions

p=PHMXy,....X, € -V1,....Y,),
P'(Xo,...,Xn € -|Y1,....Yy).

oYl
Il

We will apply Theorem 2.11 to p, p with I = {0,...,n} xV and S = X"*! as discussed
in 4.5.2. To this end, we must bound the quantities C;; and b;. We begin by bounding
Ci; with ¢ = (k,v) and j = (k/,v’). We distinguish three cases.

Case k = 0. The key observation in this case is that p, = p? . by the Markov
property (or by direct computation). Note that as card N(v) < A, we have

1 v w ’ w ; dz?
Mv (A) _ f A(‘r )HwEN(v)p (ZZ' < ),LL ( x ) Z 62A/,LZ
waeN(v)pw<x7Zw) M;(d'xv)

T,z

so [|pl, — p || < 2(1 —&®2) for any 2,2’ € X by Lemma A.1. Therefore

iR =0,
Cij <<1—¢e? ifk'=1and v € N(v),

0 otherwise.

This evidently implies that

Z eﬁkleﬁd(”’”/)C’(Oﬂ,)(k/ﬂ,/) < Corr(p, ) + (1 — em)eﬁ(rﬂ)A.
(k' el

Case 0 < k < n. Now we have (cf. Section 4.5.2)

pi (A) _ f 1A($Z)Pv(xk—1, I}é) gv(l'z, }/kv) HwGN(fu) pw(xk, qu:—i-l) W’(dx};)
S (@r-r, 23) 97 (@}, V) Twen PP (0r, 23) 0 (dary)

By inspection, p’ does not depend on m};; except in the following cases: k' = k — 1
and v’ € N(v); k' =k + 1 and v' € N(v); K =k and v' € ey, N(w). As

weN

i(A) > 2Af1A(xqé)pv($k—1a$1é)gv($z7ka)%bv(d%@
Pl A) 2 T e ) 9 (e, 1) 0 (da)

as well as

- o J La(@}) 9" (2, Vi) Tlue o) PP (00, 2 10) €7 (dary)
N J gz}, vy [loenw PP (@n o) ¥o(day)
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we can use Lemma A.l to estimate

1—-¢? ifk=k—1andv € N(v),
1—¢e? ifk=k+1and v € N(v),
1—¢e? ifk =kandv €/ ) N(w),

0 otherwise.

Cij <

weN (v

This yields

Z emk_k/'eﬁd(v’v/)C(k,v)(k’,v’) < (1 . 82A){€25rA2 + 266(T+I)A}
(k' w")el
S 3(1 _ EQA)GQBTAQ’

where we have used that » > 1 and A > 1 in the last inequality.
Case k = n. Now we have

7 f]‘A xn 17$n> (xn7an) W(dﬁ)
A) =
AhlA) = fp = T g G T )
flA mea;}) wv(d%)

- [ g x&Y; yr(day)

and we obtain precisely as above

C, < 1—&? ifk’:?z—l and v' € N(v),
0 otherwise.

We therefore find

> PRI any < (1= %) TTUA
(K w)el

Combining the above three cases and the assumption of the Proposition yields

max PR 0
(k)el 2)( -
(k' v")el

l\DI»—t

Thus Lemma 2.13 gives

k—k'|+d(v,0’
max y MO Dy e < 2
’ (k' el

Now consider the quantities b; in Theorem 2.11. By the Markov property, it is evident
that p!, = p. whenever z' = (k,v) with £ > 1. On the other hand, for £ = 0 we obtain
Pl = pl, ., and gl = vy . Applying Theorem 2.11 therefore yields

Hﬂ"u _ﬂ-nHJ = H/) p“{n}XJ < Z Z D’rLU )(0,0") Sup H/Jﬁrz - V;ZZH

veJ v eV
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However, note that

Z Dn,vy0.01) SUp ||ty — vy ||

VeV z,ze€X

— ¢ hn Z ePntd(v )}D(n,v)((],v’) e Pd(vv') sup H/LZ,Z _ V;,ZH
v'eV zzeX

< 2¢ P max e A1) qup Hu;/Z — V;JIZH,
v’ eV I,ZGX ’ ’
using the above estimate on the matrix D. Substituting this into the bound for
|7t — ¥ ||; yields the statement of the Proposition for the special case s = 0.
To obtain the result for any s < n, note that F,, ---F,ypu and «f_ differ only in

that a different sequence of observations (Ysyq,...,Y, versus Yi,...,Y, ) is used in
the computation of these quantities. As our bound holds uniformly in the observation
sequence, however, the general result follows immediately. O

As a corollary of Proposition A.2, let us derive a simple filter stability statement
that illustrates the role of decay of correlations (this will not be used elsewhere).

Corollary A.5 (Filter stability). Suppose there exists € > 0 such that
e <pi(w, ) <e! forallveV, x,z € X,

1\ /2
€>€0:<1—@) .

Then for any probability measures p,v on X and J CV, n >0, we have
| — 7| ; < 4card J 47,
where v = 6A%(1 — &%2) < 1.

Proof. We first apply Proposition A.2 with g = d,. Then Corr(i,5) = 0 for any
S > 0. Choosing 3 = —(2r)~*log~y > 0, we find that

and such that

1
Corr(p, B) 4+ 3(1 — 22)e?TA? = 2

so that the assumption of Proposition A.2 is satisfied. Therefore,
7% — 7%l ; < 4dcard Je " = 4 card J 4"
To obtain the result for arbitrary p, note that
m(A) =PH(X, € AlY1,...,Y,)
=E*(P*(X, € AlXo,Y1,...,Y)|Yi,...,Yy)
= E*(m " (A)Yh, ..., Vo).
Therefore, by Jensen’s inequality,

1)
7h — molls < EX(m™ = mnllalYes ..., Ya) < sup I = mlls
S

which yields the result. O]
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While Proposition A.2 requires a decay of correlations assumption on the initial
condition (Corr(u, 5) must be sufficiently small), Corollary A.5 works for any initial
condition provided that ¢ > ¢ is sufficiently large (which is necessary in general, see
Section 4.4.1). Thus no assumption is needed on the initial condition if we want to
show only that the filter is stable in time. On the other hand, Proposition A.2 controls
not only the stability in time, but also the spatial accumulation of error between p
and v by virtue of the damping factor e #4**"): the decay of correlations property of
the initial condition is essential to obtain this type of local control. The latter is of
central importance if we wish to obtain local error bounds for filter approximations
that are uniform in time and in the model dimension.

A.2 The block projection error

The proof of a time-uniform error bound between 7# and 7# requires two ingredients:
we need the filter stability property of 7#, developed in the previous section, in order
to mitigate the accumulation of approximation errors over time; and we need to
control the approximation error between 7/ and 7/ in one time step. The latter is
the purpose of this section.

We will in fact consider two separate cases. To control the total error ||7# — 7#|| 5,
we need to consider the one-step error made in each time step s = 1,...,n. For time
steps s < n (for which the error is dissipated by the stability of the filter), the error
must be measured in terms of the quantities that appear in Proposition A.2: that
is, we must control |[(Fv)y , — (?SV);ZH. On the other hand, in the last time step
s = n, we must control directly ||F,v — F,v||;. While the proofs of these cases are
quite similar, each much be considered separately in the following.

We begin by bounding the error in time steps s < n.

Proposition A.6 (Block error, s < n). Suppose there exists € > 0 such that
e <p'(w,2¥) <e! forallveV, x,z e X

Let v be a probability measure on X, and suppose that

Corr(v, f) + (1 — 2P DA <

DO | —

for a sufficiently small constant B > 0. Then we have

sup ||(Fov)y. — (Fav)i. || < de P(1 —*2) ¢ P05)
z,zeX

for every s e N, K €e X andv € K.

This result makes precise the idea that was heuristically expressed in Section 4.3:
if the measure v possesses the decay of correlations property, then the error at site v
incurred by applying the block filter rather than the true filter decays exponentially
in the distance between v and the boundary of the block that it is in.
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Proof. We begin by writing out the definitions
S 1a(2) Tyey P (0, 3%) g"(2, Y20) w(dao) (da)
J ey (20, 2v) g (2, V) v(dxo) ib(dx)
J1a(@) Mo [ Tlere 0 (w0, 2%) g% (2, Y;¥) v(do) | ()
S e [ Tloere 2 (o, a) g° (2, Y,2) v(dao)] o(dx)
Letusfix K e X, ve K throughout the proof. Then

f]‘A {E YU) Hweva(xlb ) (d.?:o) ¢v<dxv)

(Fov)(A) =

(Fov)(4) =

(Fov)e(d) = fg( VT Lcy 0" (0, 2) o(dzo) 0r(da?)
£ J14(x?) g2, YY) [ Ler PV (w0, ) v(dao) ¢* (da®)
(Pt = T V) T 1" (o, ) (o) 90 (d)

Define I = ({0} x V) U (1,v) and S = X x X", and the probability measures on S

p(A) =
J La(wo,27) g" (", YY) [uer P (%0, 2) [ Ly P (2, 2*) v(dao) ¥° (da)
J 9° (2", YY) TLuer 2 (0, 2) Tlue oy P (25 2*) v(dao) ¥07 (dav) ’
p(A) =
J La(zo, 2%) g* (2%, Y) [ ek P (20, ) [Lue oy P (%, 2%) v(dxo) ¢ (da)
J 9° (@, Y2) TLper P (20, ) [ e ng) P (2, 24) v(do) ¥ (d2?)

Then we have by construction

I(Fav)y. = (Fa)i.ll = llo = All .

We will apply Theorem 2.11 to bound ||p — pl/(1,4). To this end, we must bound Cj;
and b; with i = (k',v") and j = (k”,v"). We distinguish two cases.
Case k' = 0. In this case we have

f lA(xSI) HwGN(v’) pw(‘r(h xw) V;:)(; (dxgl)

pix TV A - ’ v/ ?

o) waeNW) P (a0 v, ()
(0.t) f HweN i PO (20, 2) v, (dag))

In particular, péwwv) = Uy, 2 50 Cyy <O if K = 0. Moreover, as

2 JLa( xgl HweN( )\{U}pw(ffoaxw)”;é(dﬁg)
f HweN M{w} P (zo, )Vgé(d%/) ’
we have Cj; <1—e?if k" =1 (sov” =v) and v € N(v) by Lemma A.1, and Cj; =0

otherwise. We therefore immediately obtain the estimate

Z G'Bk//eﬁd(vlmﬁ)C(()’U/)(k//,vu) < COI‘I‘(V, 6) + (1 - 82)€B(T+1).
(k”,v”)EI

péwg,w”) (A> >
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On the other hand, note that p(zo a:“) = ﬁ%zo w i N(v') € K, and that we have
pz(zwv) > gmu and p(x vy > e22pY" . Therefore, by Lemma A.1

. It N for v € K\0OK,
i = Su vy =

(m,z};gs Plaor) = Plaose (1 —£28)  otherwise.
Case k' = 1. In this case we have

pl(:co x”)(A) - ﬁ?xo :c”)(A)
[ Laa®) " (2, Y2) p
[ x”,Y;’)p

(fL’(], x?)) HuEN(v) pu(‘r7 Zu) wv(dxv)
(IO? xv) HuGN(v) pu(x’ Zu) wv(dmm)

Thus b; = 0, and estimating as above we obtain C;; < 1 — ¢* whenever £” = 0 and
v" € N(v), and C;; = 0 otherwise. In particular, we obtain

Z eﬂll_k”‘eﬂd(”’v/’)0(1,v)(1<;~,u”) <(1- 62)66(”+1)A.
(k" v el

Combining the above two cases and the assumption of the Proposition yields

/ " / // 1
B{|k k |+d } / ! 1 //
DY o,

< —.
) =19
(k”,v”)e[

Applying Theorem 2.11 and Lemma 2.13 gives
I(Fev). = (Fsv)z Il = llp = pllaw

<21-") > Dawow
v EV\(K\OK)

< 46—6(1 o 62A)6—ﬁd(v,8K)‘
As the choice of x, z € X was arbitrary, the proof is complete
We now use a similar argument to bound the error in time step n

Proposition A.7 (Block error, s = n). Suppose there exists € > 0 such that

e <p'(w,2¥) <e! forallveV, x,z € X

Let v be a probability measure on X, and suppose that

Corr(v, 8) + (1 — %) TIA < =

for a sufficiently small constant B > 0. Then we have

|IFv — IEnI/HJ < 46_6(1 — 62A) e~

PA(JOK) card J
for every K € X and J C K.
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Proof. Define I = {0,1} x V and S = X2 Fix K € X, and let

J 1a(@o, w1) [1,e p¥ (0, 27) g° (27, Y,)) v(do) (dy)
J v p°(x0, 29) ° (21, YY) v(dao) Y (day ) ’

S 1a(@o, 21) [T,ere P (20, 23) Tloper 9% (2, Y,) v(dao) 1 (day)
f HveK p”(l‘o, :E11}> HweV gw(lﬂlﬂ an) V(dxo) ¢(d:p1)

Then for any J C K, we have

p(A) =

p(4) =

|Fny — IN:nVHJ =p— ﬁ||{1}xJ'

We will apply Theorem 2.11 to bound ||p — p||{13xs. To this end, we must bound Cj;
and b; with i = (k,v) and j = (K, v"). We distinguish two cases.
Case k = 0. In this case we have
f La(xg) Hwe]\l(y) p* (o, 1) Voo (dzg)
f H'LUGN('U) pw<x07 x,iu) V;')() (dxg) ’
f ]‘A(xS) HwEN(U)ﬂK pw(x(h 1.111)) V;)O (dxg)
f HwEN(v)ﬂK pw ('IO? x/iu) I/;:)o (dl’g)

so Cy; < OV, if k' = 0. Moreover, as

pp(A) =

7L(A) =

xT

In particular, pl, = vy, .,

J La(z) HwEN(v)\{v’} p* (o, x7’) v, (dzg)

po(A) > €° - —
f HweN(v)\{v’} p (l’o, Ty ) Vgg (dIO)

we have Cj; <1—¢?if ¥ =1 and v' € N(v) by Lemma A.1, and C;; = 0 otherwise.
We therefore immediately obtain the estimate

Z eﬁk/eﬁd(”’”/)C’(Ow)(k/’v/) < Corr(v, B) + (1 — e2)ePr DA,

On the other hand, note that p}, = p, if N(v) C K, and that we have p} > £**vy
and pi > e?2p? .- Therefore, we obtain by Lemma A.1

b o — 7l < 0 for v € K\OK,
i = Su z Pzl = .
ves e P 2(1 — 22)  otherwise.

Case k = 1. In this case we have

J 1a(a}) p¥ (o, 2Y) g° (27, Y,)) * (day)

zA —
pac( ) fpfu(x()?lﬂl})gv(x11}7yqf)¢ﬂ(d$11}) )

while pf = p? if v € K and

L) g YY) e ()
A) = ,
PelA) = = Y o (da)
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otherwise. Thus we obtain from Lemma A.1l

0 forv e K,

b; = su ;, — ~; <
ves Pz = 22 {2(1 — &%) otherwise.

On the other hand, we can readily estimate as above

Z emlikl‘eﬁd(v’U/)C(Lv)(k’,v’) < (1 _ 82)66(T+1)A.
(k' wel

Combining the above two cases and the assumption of the Proposition yields

M L CTe)

kw)el
(k) (k' w"el

ko) (k) S

N —

Applying Theorem 2.11 and Lemma 2.13 gives
IFnv = Farlls = llp = Allgyxs

§2<1—€2A)Z{ 2. Dawen+ X D“’”’“’””}

veJ N v'e(V\K)UOK v eV\K
< 4e P(1 — 22)e PUIIK) card J

for every J C K. O

A.3 Decay of correlations of the block filter

To idea behind the block filter 7# is that the error should decay exponentially in the
block size by virtue of the decay of correlations property. While we have developed
above the two ingredients (filter stability and one-step error bound) required to obtain
a time-uniform error bound between 7# and 7#, we have done this by imposing the
decay of correlations property as an assumption. Thus perhaps the crucial point
remains to be proved: we must show that decay of correlations does indeed hold,
that is, that Corr(7#, 5) can be controlled uniformly in time. This is the goal of the
present section.

Unfortunately, Corr(7#, 3) is not straightforward to control directly. We therefore
introduce an alternative measure of correlation decay that will be easier to control.
For any probability measure y on X and z,z € X, v e V, K € K, let

R (A) == PrXG € AIX M = oL X = 2K
o f 114(1‘”) HweN(v)ﬂK pw(x’ Zw) MZ(dl‘v)
f HweN(v)ﬂK pw(x7 Zw) Mg(dl‘v)

We now define

= 1
C", := — maxsup sup o — MZ?H

KeX 2eX 3 zeXgV MV =3V \(v'}

132



for v,v" € V. The quantity

é—(;;r(ﬂw = max Z Bd(v U Uv’

veV
v'eV

is a measure of correlation decay that is well adapted to the block filter. In order for
this quantity to be useful, we must first show that it controls Corr(u, ).

Lemma A.8. For any probability measure p and 3 > 0, we have
Corr(p, B) < (1 —22)e?rA? 4 2728 (igr/r(u, B).
Proof. By definition

v (A) _ f 1A(xv) HwEN(v)\pr( )ILLZ'Z (dl‘ )
” waeN v)\pr(l'a z )Mm,z (dzv)
Let z,# € X be such that "M} = VMY If o/ & | ) NV (w), then

weN (v
g e = gl < 2672 — gl
by Lemma 2.9. On the other hand, note that
po(A) > 2 f(A), g (A) = 8l (A).
We can therefore estimate using Lemma A.1 for v € {J,,c () N(w)
Iy e = gl <201 = €22) + 22t — u |l
Thus we obtain

Corr(p, B) < (1 —£22) max Z R C/(\);r(,u, B)
ve
v’EUweN(v> N(w)

< (1 —e?2)e?rA? 42728 Cf(\);r(u, B).
As p and 8 were arbitrary, the proof is complete. O]

We now aim to establish a time-uniform bound on C/(;;r(frﬁ, B). To this end, we
first prove a one-step bound which will subsequently be iterated.

Proposition A.9. Suppose there exists ¢ > 0 such that
e <p'(w, 2¥) <e! forallveV, x,z € X

Let v be a probability measure on X, and suppose that

— 1
Corr(v, f) + (1 — 2P DA < 3

for a sufficiently small constant B > 0. Then we have
Corr( o, B) < 2(1 — £28)e?r A2
for any s € N.
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Proof. Let K, K' € X, v € K, vV € V (v # v), and let z,2,Z € X such that
VMY = VMY These choices will be fixed until further notice.
Define I = ({0} x V) U (1,v) and S = X x X", and let
p(A) =
Jag' (@, YY) HweK P (@0, ) [ Luen(wynwr P (2, 2") v(dxo) ¥ (dz”)
J 97 (@ YO) Muer 1 (w0, 2°) uenoynre P (2, 2) v(do) ¥ (da)
pA) =
Ja 9" @ YI) e 0 (@0, ) [uenqynr P (&, 2*) v(dwo) 1 (d2")
J oo (@, YY) [Lex P (20, %) HueN(v)ﬂK’ p(@, 2*) v(dzo) Y (div) ’
Then we have by construction
I(Fa)2 X = Fa) sl = llp = Allw)-
We will apply Theorem 2.11 to bound ||p — pl|(1,4). To this end, we must bound Cj;

and b; with ¢ = (k,t) and j = (K',¢'). We distinguish two cases.
Case k = 0. In this case we have

J 1a(@0) e @nx P (w0, 2*) v, (da)

)

pix v (A) = W w )
o) waeN(t)pr (2o, )Vio(d%)

~q f 1A($6) HweN(t)mK p* (an jw) sto (dl‘é)

p(xo,:f“)(A) =

J [uweninr p* (o, &) VL (dzp)

Note that péwo ) = We therefore have Cj; < C¥, when &' = 0. Moreover,

mom

2 J La(zp) HweN(t)ﬂ(K\{v}) p* (2o, ) vy, (dz)

S Tluennim o P (o, ) vk, (dxg)
implies C;; <1 —¢e?if ¥ =1 and v € N(¢) by Lemma A.1, and C;; = 0 otherwise.
On the other hand, note that as "M} = zV\¥'} we have Plaoar) = Plagawy it V' &
N(t) N K, while both pf, ..\ (A) and ,, ,.\(A) dominate

péiﬂo,:ﬂv) (A) > €

2 J La(ah HweN(t)m(K\{u/})pw(%af’fw) Vg, (dp)
S Tuenmni oy P (20, 2) vE, (dzh)
Therefore, by Lemma A.1

0 forv € N(t)N K,
bm)g{ ¢ N(1)

2(1 — £?) otherwise.

Case k = 1. In this case we have

i (A) = JLa(z?) g° (2", YY) p* (20, 2 )HueN( )Nk’ P p*(z, 2") ¢*(dz”)
Pleos) [ <xv Y2) 1" (20, #) Taenoyrer P (0 2) 0¥ (da?)
5 (A) = J1a(@) g* (@, YY) p*(20, 2 )HueN( e PU(E, 1) Y (dz)
Ploode) 9° @, Y2) 0 (20, 8) Ty P& 24 (d&)
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Estimating as above, we obtain Cj; < 1 — ¢? whenever ¥’ = 0 and ¢ € N(v), and
C;; = 0 otherwise. Similarly, arguing again as above, we obtain

b1 < 0 for v & Uyenynrer N (W),
2(1 — 22)  otherwise.

Define the matrix {C;;(v)}; jer with the following entries:

O(o,t)(o,t')(v) = C%u
Co.01,0) () = Ciy0(v) = (1 — *) Lienw),
Cliwyam(v) =0.

Combining the above two cases yields C;; < C;(v), and we readily compute

Y PUIEFIEOIC G o (v) < Corr(v, ) + (1 — %) IA <

(k' t')el

N | —

where we have used the assumption of the Proposition. By Theorem 2.11

- v v,K’
[(Fov)2 X — (Fa)2 = llp — Allaw
<2(1 —e?) 1yex Z D v)(0,0)(

t'eN(v')
+2(1 = £%%) LoeU, e V) Dty (v)

where D(v) := _ -, C(v)". But note that the right-hand side does not depend on
K’ or z,2,% (provided "M} = zV\M¥'}) We therefore obtain

Chev < (1— &) Lyex Z D1,.)0,1)(v)
YEN ()
+ (1 =) Lo Uy en (i Nw) Dto)1,0)(0)

for every K € X, ve K,and v € V.
To proceed, we note that

3O S0 T T Do

v'eV v'eK t'eN (v

+ (1 - 52A) D(l,v)(l,v) (U) Z eﬂd(vm/)

U,GUwGN('u)ﬁK’ N(U})
< (1 —e*)e?rA? Z eHIH TN D oy (v).
(k' el

Applying Lemma 2.13 to C(v) yields the result. O
We now iterate the above result.
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Corollary A.10. Suppose there exists € > 0 such that

e<p'z,2") <e ! forallveV, z,z €X,

1\ 1/2a
5>50:<1—W> .

Let 1 be a probability measure on X such that

and such that

1
COI‘I‘(M7B) S gv
where B = —(2r)"tlog 16A2(1 — &22) > 0. Then
— 1
Corr(7h, B) < 3 for alln > 0.

In particular, the latter holds whenever p =96, for any x € X.

Proof. The assumption € > ¢y implies 5 > 0 and

1
1—2)efrA < =
(1 =& =16

Therefore, if (jafr(y, B) < 1/8, then Proposition A.9 yields

T~ =~ 1
Corr(F,v, B) < 2(1 — )" A? < 3

Thus if (5(\);1"(;1, B) < 1/8, then éa;r(frﬁ, ) < 1/8 for all n > 0. Moreover, as
Corr(d,, ) = 0, the result hold automatically for u = d,. O
We finally obtain the requisite bound on Corr(7#, 8) using Lemma A.8.

Corollary A.11 (Decay of correlations). Suppose there exists € > 0 with

e <p’(z,2") <e! forallveV, z,z € X|

1 1/2A
€>€0:<1—16A2) .

Let B = —(2r)"log 16A%(1 — &22) > 0. Then

such that

1

Corr(y, B) < 3

for everyn >0 and z € X.

Proof. By Corollary A.10 and Lemma A.8, we can estimate
1 1 1
C ~ X < _ - —2A < -
orr(7r, B) < T + 1€ <3

where we used that ¢4 > 1 — 1/16. O
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A.4 Bounding the bias

In the previous sections, we have proved a local filter stability bound (Proposition
A.2), a local one-step error bound (Propositions A.6 and A.7), and decay of correla-
tions of the block filter (Corollary A.11). We can now combine these results to obtain
a time-uniform error bound between the filter and the block filter; this controls the
bias of the block particle filtering algorithm.

Theorem A.12 (Bias term). Suppose there exists € > 0 such that

e <p'(x,2") <e! forallveV, z,zeX,

1 1/2A
5>50:<1—18A2) .

Let B = —(2r)"log 18A2%(1 — &22) > 0. Then

and such that

Qe h
— B

|7 — 7nlls < 1 (1 —&®2) card J e~ Pd(JOK)

for everyn >0,z eX, K€ X and J C K.

Proof. We begin with the elementary error decomposition
n
[ — 7nlls < Z [Fr - FspaFsmyy — Foo - FopaFsms_q |l
s=1

We will bound each term in the sum.
Case s = n. To bound this term, note that

1 1
Corr(7_y, B) + (1= )M HIA < 2 4

N | —

<

8
by Corollary A.11. Therefore, applying Proposition A.7 with v = 7%

¥ _1, we obtain
|Fpi®  — Fot® ||y < 4e P (1 — e22) e PdIOK) card .
Case s < n. To bound this term, note that by Corollary A.11
oy oay 28r a2 1 1
Corr(72,8) +3(1 —e*2)e™A* < - 4+ = = —.
3 6 2
Applying Proposition A.2 with p = 7% and v = F,72_; yields
HFn to Fs+1Fs7~T§—1 —Fp--- Fs+1|Es7~T§—1“J
< 277070y “maxce MY sup [|(Fori_y)y, — (Foriy)i |l

veJ eV z,zeX
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On the other hand, as by Corollary A.11

1
- =

1 1
oy 1 — &2)Br+DA < = =
Corr(7* 4, B) + (1 — £%)e S3t RSy

we have by Proposition A.6 with v = 77_,

sup [|(Fomi )y, — (Fmi )y || < de™P(1— ) e P oK),
z,z€X

We therefore obtain the estimate

IFo- - Font Pty — Fue o FonFam s

< 8eF(1 — 28 e Aln=9)=BdIIK) carq ],

where we have used d(v,v") +d(v',0K) > d(v, 0K).
Substituting the above two cases into the error decomposition and summing the
geometric series yields the statement of the Theorem. O]

A.5 Local stability of the block filter

As was explained in Section 4.5.4, the chief difficulty in obtaining a time-uniform
bound on the variance term is to establish stability of the block filter. This will be
done in the present section.

We first establish a stability bound for nonrandom initial conditions.

Proposition A.13. Suppose there exists € > 0 such that

e <p'(w,z) <e! forallveV, x,z€X,

1 1/2A
€>€0:<1—@) .

Let B = —1og 6A%(1 — &?2) > 0. Then

and such that

IF, - Fop10, — Fp oo Fup10.]|y < dcard J e P
for everys<mn, 2,2 € X, KeX, and J C K.

Proof. Fix throughout the proof n > 0, K € X, and J C K. We will also assume
throughout the proof for notational simplicity that s = 0 (the ultimate conclusion
will extend to any s < n as in the proof of Proposition A.2).

We begin by constructing the computation tree as explained in section 4.5.4.
For future reference, let us work first in the more general setting where the initial
distributions p = @ jereqc 15 and v = @iy X are independent across the blocks
(rather than the special case of point masses d, and d,/). Define for K’ € K

N(K') = {K" € K : d(K', K") < r},
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that is, N(K') is the collection of blocks that interact with block K’ in one step of
the dynamics (recall that card N(K’) < Ag). Then we can evidently write

BYFu=C'P¥ & ",

K"eN(K')
where we have defined for any probability n on X&'

K [ 1AE) Ter 90 (2%, YY) n(da™)
(€)= S oex 97 (@, Y2) n(dak")

and for any probability 7 on XUx”enw) K

PEmA) = [ 14" [T 500 (@) ().

veK'’

We therefore have

BYE, o+ Fui =
C7IL(PK ® |:CnKjl—1 PKn71 ® |:C7]L(:L§2 PKn72 ..
Kn_1EN(K) Kp_2€N(Kn_1)
® [CflPK1 ® NKO:| :|:|
KieN(K2) KoeN(K1)

The structure of the computation tree is now readily visible in this expression. To
formalize the construction, we introduce the tree index set

T:={[K, Ky,1]:0<u<n, K; € N(Ksp1) foru<s<n}U{[2]}

where we write K, := K for simplicity (recall that K and n are fixed throughout). The
root of the tree [&] represents the block K at time n, while K, - - - K,,_1] represents
the duplicate of block K, at time u that affects block K at time n along the branch
K, — Ky — - — K,_1 — K (cf. Figure 4.4 for a simple illustration). The vertex
set corresponding to the computation tree is defined as

I={[Ky, Ky av:[Ky - K, 1] €T, ve K,} U{[@]v:ve K},
and the corresponding state space is given by

s=]][x" X =X for [tlvel.

i€l

It will be convenient in the sequel to introduce some additional notation. First, we
will specify the children ¢(i) of an index ¢ € I as follows:

([Ky- Kpalv) :={[Ky1 - K, 1|V : K,_1 € N(K,), v € N(v)},
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and similarly for ¢([@]v). Denote the depth d(i) and location v(i) of i € I as
d([Ky -+ Kpoa)v) ==, d([@]v) :=n, v([t]v) == w.
We define the index set of non-leaf vertices in I as
I.:={iel:0<d(i)<n},
and the set of leaves of the tree T" as
To = {[Ko ne1] : Ks € N(Kgiq) for 0 < s <n}.
Finally, it will be natural to identify [¢t] € T' with the corresponding subset of I:
(Ko K] = {[Ku-- Kna]v v € Ko},

together with the analogous identification for [&].
We now define the probability measures p, p on S as follows:

p(A) =
J1a(@) [iey, PO (290, 2) g*O (2, Y 0) 0@ (da) [Ty, 1l (dt?)
S Ticr, 2P0 (@2, 21) g7 (a1, ¥, )) 1/1“ D(dz?) [iger, 11 (dzf)
p(A) =
J1a(@) [ier, @ (290, 2) g*O (2, Y)Y 0@ (da) [Ty, v (da)
J Ticr, @ (2, 2) v (a7, ””W” (dz") [Tjyer, ¥ (dzt)

I

where we write plfoKn-1] :zN,uKO and plEoKnal .— Ko for simplicity. Then, by
construction, the measure BXF, F1 1t coincides w1th the marginal of p on the root
of the computation tree, while BXF,, - - - Fyv coincides with the marginal of 5 on the

root of the computation tree. In partlcular, we obtain

IF, - Fip—Fo--Frvlls = o — dlligrs-

We will use Theorem 2.11 to obtain a bound on this expression.

Throughout the remainder of the proof, we specialize to the case that u = 9,
and v = §,,. To apply Theorem 2.11, we must bound the quantities C;; and b; with
i=[Ky - K,1Jvand j = [K/,--- K] _;]v'. We distinguish three cases.

Case u = 0. As 1 = 4, is nonrandom we evidently have p’, = §,., so that Cij =0
On the other hand, as pi, = §.n, we cannot do better than b; < 2.

Case 0 < u < n. Now we have

Pe(A) = py(A) =
J1a(z) g" (2", Yy) p(a <), 2 Hzeu:z‘ec(e)pv(e)(xc(é)a906)@Dv(dﬂ)
[ g xZ,YJ’) pU(z ()7x’)HZEIJr:Z.EC(@pv(f)(xC(Z),xf) YU (dxt)
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Thus b; = 0. Moreover, by inspection, pi does not depend on z7 except in the
following cases: j € c(i); ¢ € ¢(j); j € c(f) for some ¢ € I, such that i € ¢(f). As
card c({) < A for every ¢ € I, we estimate using Lemma A.1

1_52 lfjec(z)a

_ )it ifiec)).
YTl 1—e ifje Urer, ieetey €00

0 otherwise.

This yields

D " PHOTIC; < 2(1 - e2)e’ A+ (1 — ) A% < 3(1 — 22)e” A,

jeI

where we have used that § > 0 and A > 1 in the last inequality.
Case u = n. Now i = [J]v, so we have

LAl g ) a0 ()

Pu(A) = p5(A) [ gv (i, Y2) pv (@), 29) v (dat)

Arguing precisely as above, we obtain b; = 0 and

Z PlAD=d0IC - < (1 — &%)l A,

jel

Combining the above three cases, we obtain

N 1

Bl —dG) (7. < 3(1 _ 28\ AA2 — L

max EEI e Ci; <3(1—e*7)e’A 5
j

by the assumption of the Proposition. Thus by Theorem 2.11
Hf__'n tee I:;léz - IEn tee lﬁ:lldi”] = HIO - ﬁ”[@],} < 4 card Je*ﬁ”’

where we have used Lemma 2.13 with m(i, j) = 8|d(i) —d(j)|. The proof is completed
by extending to general s < n as in the proof of Proposition A.2. O]

The proof of Proposition A.13 was simplified by the fact that the resulting bound
holds uniformly for all point mass initial conditions (this could be used to obtain a
uniform bound for all initial measures along the same lines as the proof of Corollary
A.5). To obtain a bound on the variance term, however, we require a more precise
stability bound for the block filter that provides explicit control in terms of the initial
conditions. We will shortly deduce such a bound from Proposition A.13. Before we
can do so, however, we must prove a refinement of Lemma 2.9.
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Lemma A.14. Let p = p' @ - - @ pd and v = v' @ --- @ v¢ be product probability
measures on S = S' x --- x S, and let A :' S — R be a bounded and strictly positive
measurable function. Define the probability measures

14(x)A(x)p(de 14(z)A(x)v(dx
o) A @A) @A)
[ A(@)pulda) [ A(@)v(de)
Suppose that there exists a constant € > 0 such that the following holds: for every
i=1,...,d, there is a measurable function A* : S — R such that

eN'(z) < A(w) < e 'A(z) forallz €S

d
2 .
[pa — vall < 5—22 [ = v
i=1

Proof. Define for i = 0,...,d the measures

R R - it o d . — J 1a(x)A(2)pi(dx)
pi Q- RV AU TR -Qu, pin(A) - TAD)p(a)

(by convention, py = pu and pg = v). Then we can estimate

d
i = vall <D llpia = pi-aall-

i=1

Now note that we can estimate for |f| <1

() = praa(F)] € —— [rmfA) oA+ LA p@-1<A>|]

epi(AY)
as in the proof of Lemma 2.9. Moreover, we can write
) = pia(r) = 28 [ poicant) = [ poan)|
() = a0 = 2221 [ o) = [ gitapitann),

where f? and ¢¢ are functions on S* defined by

i € i— i1y i i
Fla) = o /f(x)A(x) Pzt - (da ) i (da ) - (da),
i (o € i—1( 31y i i
g'(a') = A /A(IE) vi(dat) - v (dat )t (datt) - pd(da?).
Evidently |f’| <1 and |¢g*| < 1, and the proof follows directly. O
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We can now obtain a stability bound with control on the initial conditions.
Proposition A.15. Suppose there exists € > 0 with

e <p'(w,2¥) <e ! forallveV, z,z X

1o\ /2A
€>€0:<1—@) .

Let B = —1log 6A%(1 — £22) > 0. Then for any product probability measures

p=Q n v=Q) "

KeX KeX

such that

we have
C C L . 4 —B(n—s
|Fn - Fopap—Fp- - Fopqv||s < e card J e A=) Z ag|lp’ — VX
KeX

for every s < n, K € X, and J C K. Here (ag)kex are nonnegative inlegers,
depending on J and n — s only, such that ) g 4 o < AZT°.

Proof. We fix s =0, n >0, K € X, J C K as in the proof of Proposition A.13, and
adopt the notation used there. Define the functions

hA(.TTO) ::/ Hpv z) c(z 2 gv(z)(x Y o )wvz (dl‘)

i€l

[T 79 @@, 2) g0 (at, Vi) 40 (dar

i€ly

on the leaves T} of the computation tree, for every measurable A C X”. Then

. [ ha(z™ H[teTO I(dal) /hA(xTO) ~ T
= /Jl(dx 0)?

(lEn - Fip)(A) = T h(zT0) H[t}eTo plf (dal) h(xT0)

where we define the measure

J 1a(@™) h(z™) TTper, 1 (da)
J h(@™o) [Ljger, pll (dzlt)

The measure v is define analogously, and we have

[ran— [ ar)

where the supremum is taken only over measurable sets. But note that hs/h is
precisely the filter obtained when the initial condition is a point mass on the leaves

(A) =

IF - Fipu—Fp---Fiv||y, =2 sup
ACXT
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of the computation tree (albeit not with the special duplication pattern induced by
the unravelling of the original model; however, this was not used in the proof of
Proposition A.13). Therefore, the proof of Proposition A.13 yields

ha(z)  ha(Z)

h(z) — hZ)

< 4card Je P,

2 sup sup
2,2€xTo ACXY

In particular, using the identity |u(f) — v(f)| < 3osc f [|ju — ||, we obtain
IF, - Fip—Fp---Fiv|ly < 2card J e ||i — 7|

We now aim to apply Lemma A.14 to estimate ||g — 7/||.

To this end, consider a block [t] € Ty. The integrand in the definition of h(x™0)
depends only on x[ through the terms p*® (z¢®) 2%) with c(i) N [t] # @. If we write
[t] = [Ko- -+ K,_1], then c(i)N[t] # @ requires at least i € [K; - - - K,,_1] and therefore
card{i € I, : c¢(i) N [t] # @} < card K; < |K|s. Thus we have

5\ﬂ<\ooh[t](z) < h(z) < 6—|ﬂ<\mh[t}(z)
for every z € X' and [t] € Tp, where
plt (xTo) — H pv(i)<xc(i)7$i) H gv(z‘)@i’de(g)) wv(i)(dmi)

i€l c()N[t]=2 il

does not depend on zl!!. By Lemma A.14, we obtain

W 2 ] _ 2 KK
Hﬂ—l/Hﬁmzm —v H:mZQK'HM —v
[t]eTo K'eX

where we define agr = card{[Ky--- K,,_1] € Ty : Ko = K'}. As the computation tree
has a branching factor of at most Ay, we evidently have ), 4 ag = card Ty < A
The result therefore follows directly for the case s = 0, and the general case s < n is
immediate as in the proof of Proposition A.2. O]

We finally state the block filter stability bound in its most useful form.

Corollary A.16 (Block filter stability). Suppose there exists € > 0 with

e <p'(w, 2¥) <e! forallveV, z,z€X

1 1/2A
5>50:<1—M) .

Let B = —log 6AxA%(1 — &22) > 0.
Then for any (possibly random) product probability measures

n=Qu", v=@Qv"

KeX KeX
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we have

VEIF, - Fopn— Fo Pl
4

< - —B(n—s) K _ K|2
< . card J e max VE ||p vE||

for every s <n, K € X, and J C K.

Proof. The result follows readily from Proposition A.15 (note that we have now ab-
sorbed the branching factor A4 in the definition of j). m

A.6 Bounding the variance

To complete the proof of Theorem 4.2, it now remains to bound the variance term
|17, — 7| ; uniformly in time. This is the goal of the present section. We will first
obtain bounds on the one-step error, and then combine these with the block filter
stability bound of Corollary A.16 to obtain time-uniform control of the error. The
main remaining difficulty is to properly account for the fact that Corollary A.16 is
phrased in terms of the total variation norm || - || s, which is too strong to control the
sampling error (we do not know how to prove an analogous result to Corollary A.16
in the weaker ||-|| ;-norm). To this end, we retain one time step of the block filter
dynamics in the one-step error (we control ||FyiF,a% | — Fo1F,#% |||k rather than
IF a2, — Foa_ || ), which allows us to exploit the fact that the dynamics P has a
density.

Let us begin with the most trivial result: a one-step bound in the ||-||;-norm.
This estimate will be used to bound the error in the last time step s = n.

Lemma A.17 (Sampling error, s = n). Suppose there exists k > 0 such that

k< g'(a¥,y) <kt forallveV, zeX, yeY.

Then 2%
. ~A 2K e
max [[Foiy ) —Fadt il < N
Proof. Note that
IFaith_y = Faithi_illl e = IICKB Pa,_y — CBRSNPAL_ |

2,1—2 card K

VN
where the first inequality is Lemma 2.9 and the second inequality follows from the
simple estimate [ — SV || < 1/v/N that holds for any probability . O

< 2k IPAL, — SYPA] || <

For the error in steps s < n, the requisite one-step bound (Proposition A.20) is
more involved. Before we prove it, we must first introduce an elementary lemma
about products of empirical measures that will be needed below.
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Lemma A.18. For any probability measure p, we have

4d
®d _ ;@d)| «
|||u - |H > _/—N;

where i = %Zgﬂ dx, and X1, ..., Xy are i.i.d. ~ p.

Proof. We assume throughout that N > d? without loss of generality (otherwise the
bound is trivial). Let |f| < 1 be a measurable function. Then

N
. 1
aei(f) = Vi > f(Xky X
ki, ka=1
We begin by bounding
N N

R 1
Varlf ()] =<5 D D B ki)

where

Fk1 """" kq I:f(Xkl,...,Xkd)—Ef(Xkl,...,Xkd).
k) =0 when {ki,... ka} N {K},... K3} = @. Thus

...........

Var[i®? Z Z ik, ka0

where we use |Fy, x| < 2. But for each choice of ky,..., k4, there are at least

(N — d)? choices of ki, ...,k such that {ki,... ka} N{k},... . K}} = &, so

Varl®(f)] < 4(1 - Nd(%—ﬂ) _ 4(1 - (1 _ %)d) < 4;1;

We can therefore estimate

lp® = A% < 16 = B A+ 1B 2% — 3%

2d
< ®d E ~Qd + )
<l | i
It remains to estimate the first term. To this end, note that E f(Xy,,..., Xk, ) =
pu®(f) whenever k; # - -+ # k,. Therefore, we evidently have

N
. 1
BAH) =N < 57 D BFKn s Xay) = 1(F)
kg =1
1 NI d\"\ _ 24
<2{1l—-———— | <2l1—-|1—— < —
<= meg) <2(-(-5) ) <5
But as N > d?, we have d?/N < d/v/N. The result follows. m
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This result will be used in the following form.

Corollary A.19. For any subset of blocks L C K, we have

4 card £
I®xceB 1 — QresB SV ull < i

for every probability measure p on X and s > 1.

Proof. Write i := S¥u and d = card £, and let us enumerate the blocks £ =
{Ki,...,K;}. Then for any bounded function f : XU* — R, we can write

(®eecB p / ) uld) - plda),
(@ ecBESV 1) / 2B f(day) - pdia).

Thus evidently
I kecBX 1t — Qe BESN plll < [l = =7,
and the result follows from Lemma A.18. O

We now proceed to prove a one-step error bound for time steps s < n.

Proposition A.20 (Sampling error, s < n). Suppose there ezist €,k > 0 with
e<p(x, ") <et, k<g'(aV, )<k YveV, r,zeX, yeV.

Then

16 A e=2%low =41l Ak

max \/B [FoFuit, — Fup b % < T

KeX

for every 0 < s < n.

Proof. We begin by bounding using Lemma 2.9
”'Eerlr:sﬁg—l - IESHIESﬁg—lHK = HCEHBKPFSWS 1 CﬁilBKPﬁsﬁg—l”
< 2572l | BEPE 74 | — BEPE 72 |
Now note that
(BXPF, A, (dz") _
PE(dzX) B
vaer (z,2" )HK’EN(K) [Toex gvl(zvl7Y:/XBK,Pﬁil)(dZK/)
J HMxrenio Herr 9v (27, Y ) (BRPRL ) (d2X) ’
(BNPE ) (da™)
R (dz ) B
J [Lexp'(2,2") HK’EN(K) [Lex 9" (=", st/)(BK/SNPﬁg—l)(del)
J HK’EN(K) [Toerr 97 (2", YY) (BRSNPAL ) (d2H) ’
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where ¢ (da™) = ], ¥ (dz”), and we can write
IBXPF it — BEPF & | =
/ (BRPF.#% ) (dz™)  (BXPF.#L ) (dz™)

PR (dzX) PE(dz®)
We therefore have by Minkowski’s integral inequality

o8 (dr®).

VE|BEPEA, — BEPEA |

g

< PH(XF) sup 4|E

K eXK

(BKPE,# )(dz®)  (BKPE.&" ) (daK)|”
R da®) YK (daK)

V" (da™)

(BKPE, 7 )(dz¥)  (BKPE.&" )(daK)|”
YE(dK)  YK(daK)

As we have

e’ (XY) < /p”(x, 29 (dz") =1, H pU(z,2°) < e Kl

veK

po Kl oo Asc < H H g ) < H*|9<|00A3<

K'eN(K)v'eK’

and

we can apply Lemma 2.9 to estimate

\/E HBKPIES’ng_l - BKPI&Sﬁ-s—l‘P
< 25‘2|3<|°°/i_2‘3<|°°A“|||®K/6N(K)BK/ P71 ®K’EN(K BX'SNPAL_ .

By Corollary A.19 (applied conditionally given 7% ), we obtain

8 A &~ 2Kloo 4o ~21K|oo Ak

VN

\/E |IBEPF &% | — BKPF &% |2 <

The result follows immediately.
We finally put everything together.
Theorem A.21 (Variance term). Suppose there exist e,k > 0 with
e<p(x, ') <et, k<g(aV, )<k YveV, r,z2eX, yeY

such that
1 1/2A
>eg=(1— ——— )
£ ( GAKAQ)

Let B = —1og 6A«A%(1 — &?2) > 0. Then
64Af}< 66 4‘K‘00KJ*4|9<|00A:K

e JN

Il7y — 7nll; < card J

foreveryn>0,z€eX, KeX and J C K.
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Proof. We begin with the elementary error decomposition
n
|||7~Tf§ - ﬁZH’J < Z |||Fn e Fs+1Fs7%§—1 —Fp Fs+1Fs7AT§—1|||J'
s=1

The term s = n in this sum is bounded in Lemma A.17:
22Kl
VN

The term s = n — 1 is bounded in Proposition A.20:

IFafy = Fafip 4l <

16 Ay £ 2Klo0 g=4K] o0 Ao

VN

Now suppose s < n — 1. Then we can estimate using Corollary A.16

IFuFoai ) — FaFam? ], <

IFy - FoniFort? ) — F o Fon P,
4

—/B(n—s—l) C - A~ - C ~q 2
< T card J e max E ||FsiFom? | — FopaFom? |5

Applying Proposition A.20 yields

H“":n . .. |~:S+1|N:S7%§_l — IN:n <o IEerll%sﬁ-gsE—ll”J
) 642y el Kl A
VN

Substituting the above three cases into the error decomposition and summing the
geometric series yields the statement of the Theorem. O]

< card J e Plnms-1

Theorems A.12 and A.21 now immediately yield Theorem 4.2.
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Appendix B

Localized Gibbs sampler particle
filter: proofs

The goal of this section is to prove Theorem 5.4. What follows directly builds on the
discussion presented in Section 5.6.

The key idea to bound ||F,,p— F,p||; is to use the one-sided Dobrushin comparison
theorem (Theorem 2.12) to capture the one-sidedness that is embedded in the Gibbs
samplers F,p and F,p. To this end, we need to bound the one-sided coefficients Cij's
and b;’s. This will be achieved, respectively, using Proposition B.1 and Proposition
B.2 below; the proofs of these two propositions are based on the original Dobrushin
comparison theorem (Theorem 2.11).

B.1 Preliminary steps with Dobrushin comparison
theorem

The following proposition will be used to bound the Cj;’s coefficients in the one-sided
comparison theorem.

Proposition B.1. Suppose there exists € > 0 such that
e < pw,2) <e! forallveV, x,z e X
Let v be a probability measure on X, and suppose that
Corr(v, B) + (1 — )P VA <c < 1

for a sufficiently small constant 8 > 0. Fizn > 1, and write n° for n, ,. For each
v,v" €V define

1
RUU’ = 5 sup HU; - 7];”
z,zeX:
2V \' gV \{v'}
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Then,

’ 1-— 52) A Cﬁ(r_l)
Bd(v,v )R , < ( )
max E e oo 1o

veV
v'eV

Proof. Henceforth, fix n > 1, v,v" € V such that v # v and x,Z € X such that
VMY = VMY For simplicity, write 5 for n%,,. Define I = ({0} x V) U (1,v) and
S = X x X”, and the probability measures on S
oy o I ) Tl 975 2) 8 o) ) ()
' J 9° @, Y0) Tlyer oy P2 (2, 22) p(2,w) v(d2) ¢¥(dw)
flA(sz) gv(w7Y:) HwGV\{y}p ( )pv(zu ) (dZ) wv(dw)
f qu(w, YT?) HwEV\{v} p (Z7 Q:w) U( ) V(dZ) wv(dw)

By construction, for any bounded measurable function f on X" we have

plA) =

ef ] = \ [ otz s - [ stz s

and we will now proceed by applying the Dobrushin comparison theorem (Theorem
2.11) to bound this quantity. To this end, we must bound C;; and b; with i = (K", v")
and j = (K", v"). We distinguish two cases.

Case £” = 0. In this case we have

flA(ZUH) weN(v”)\{v}p( ") p¥(z,w) V2 ( )

pizw (A) == ! 7 )
(zw) waeN v P (z,2%) p*(z,w) V¥ (dz*")

~ f 1A(ZUH) w N(v")\{v p ( )pv(’z?w) ( UN)

p(z,w) (A) = SULBANG :

J Mm@y P (2 3%) p2 (2, w) 2" (d2")

In particular, pé so Cy; < C¥,.» it K" = 0. Moreover, as

z,:r:”) Z )

f ]-A weN( Mo} pw( w) g//(dzv//)
f HweN o \{v}p (Z xw) V'u (dz””) 5

we have Cj; < 1 —¢e? if k” =1 (so v = v) and v € N(v”) by Lemma A.1, and
C;; = 0 otherwise. We therefore immediately obtain the estimate

pfz,xv) (A) -

Z Bk/“ 5‘1( " /N)C(O,v”)(k’”,v”’) S COI‘I‘(I/, ﬁ) + (1 - 82>€6(T+1).
(k/// /l/) I

On the other hand, note that pz('zyw)
e2x(A) and pj, ,,(A) > ex(A), where

(2 V" & N(v'), and that we have p{, (4) >

f 1A(Zv”) HwEN(v”)\{v,v’} pw(Z, I’w) p”(z, w) Vgu(dzv//)
f HwEN(v”)\{v,v’} pw<Z7 xw) pv(z7 (.O) Vgﬂ (dZU”)

X(A) =

152



Therefore, by Lemma A.1

0 for v” & N(v'),
bi = su <
(zw)z 17(ei0) = Pl < {2(1 — &%) otherwise.
Case k" = 1. In this case we have
; ~ J1a(w) g"(w Y“) Y (2, w) PP (dw)
() = Ploao () = fg () +(do)

Thus b; = 0, and estimating as above we obtain C’Z-j < 1 — €2 whenever k" = 0 and
v" € N(v), and Cj; = 0 otherwise. In particular, we obtain

Z eﬁ”’km‘eﬁd(”’”/”)C(l,y)(kmw,,/) < (1 —e2)efrtDA,
(k///7v///)€I

Combining the above two cases and the assumption of the Proposition yields

" "o
/r/nflilX E ﬁ{‘k —k |+d v )}O k" // (k’” ///) < C.
(k" v el (o)l

Applying Theorem 2.11 gives
Iz =zl = sup

reobia /ﬂ(dz,dw)f(w) —/ﬁ(dz,dw)f(w)

<2(1-¢% Y Duwow)-

V/EN(v)

As the previous bound does not depend on the choice of z, # € X, as long as z" M} =
Y\ we have

|
Rw=5  swp g —mll<(1-¢ ) D Dawyown:
ST\ () vIEN(V)

By Lemma 2.13 it follows that

maXZ PR < (1—¢?) maxz pd(v,v') Z D1 v)(0,0m)

veV veV
v'eV v'eVv v €N (v")
1"
]_ — 5 mea‘gc E ,Bd(”u v )+BTD )(0,0"") E 1 v’ €N (v
v
v’ eV v'eV
"
(]_ — & ) (r=1) max Bd v,v )+BD 1,0)(0,0")
veV
v’eV

(1 —¢e2)Aefr=1)
<
- 1—c

Y

and, in particular,

B, < (1—e2)Aeflr=D
max ! :

veV - 1—-c
eV
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The following proposition will be used to bound the b;’s coefficients in the one-
sided comparison theorem.

Proposition B.2. Suppose there exists € > 0 such that
e <p'(w, 2¥) <e! forallveV, x,z e X.
Let v be a probability measure on X, and suppose that
Corr(v, 8) + (1 — )P MA <c <1

for a sufficiently small constant f > 0. Fizn > 1, and write n° for n; ,. Then, for
each v € V we have

(1 _ €2A)675(27T)

sup [y — 7| < 2 €
zeX

—Bb
1—c ’

Proof. Henceforth, fix n > 1, v € V, z € X. For simplicity, write " for 7, , and 7"
for 7 ,. Define I = ({0} x V)U (1,v) and S = X x X, and the probability measures
on S

J1a(z,w) g°(w,V)) Tluevn oy P (2, 2%) 0¥ (2, w) v(dz) ¢¥ (dw)

P = T 00 Tacor 2o a%) (e @) w(da) 0(der)
5(A) = J1a(zw) ¢°(w, YyY) HwENb(v)\{v}p (z,2") p*(z, w) v(dz) ¢ (dw)
P T 00, Y0) Tlaemsongey P2 2) p° (2 0) v(dz) ¥ (dw)

By construction, for any bounded measurable function f on X" we have

nf — i ] = ] [ otz ) - [ stz s

and we now proceed by applying the Dobrushin comparison theorem (Theorem 2.11)
to bound this quantity. To this end, we must bound Cj; and b; with i = (k',v") and
Jj = (K",v"). We distinguish two cases.

Case k' = 0. In this case we have

[1a(z") [Twenen P (z,2") v (dz"")

piz xv (A) = ! ! ?
) T Tuenen 2" (2, 2%) v¥' (=)

. T 140" Teniom, i P2 (2 2) 2 (d2")
Plen)(4) = S

f HwGN(v’)ﬂNb(v) pw(z7 ‘Tw) V§,<dzvl>

so Cy; < OV, if K" = 0. Moreover, as

In particular, pézvxv) =V

flA weN( )\{v}pw( z) v (dz")
waEN(U Wy P (2 2) vy (d2?)
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we have Cj; <1—e?if k¥’ =1 (sov” = v) and v € N(¢') by Lemma A.1, and C;; = 0
otherwise. We therefore immediately obtain the estimate

S B oy < Corr(v, B) + (1 — )P40,

(k" w'")el

On the other hand, note that ,0(Z a) = /31(} o i N (V') © Ny(v), and that we have
Pz(z,xu) > €2AI/ and ,0 (2,29 > EQA . Therefore, by Lemma A.1

, 0 for v' € Ny(v)\ON,(v),
b = su 2oy — Pl |l <
b ||p( Plean | {2(1 —e?2)  otherwise.

(zav)€S

Case k' = 1. In this case we have
flA (2%, YY) p(z, 2%) ¥*(dzV)
fg° $”7Yﬁ’) pU(2, 2v) v (dzv)

Thus b; = 0, and estimating as above we obtain C;; < 1 — £? whenever £” = 0 and
v" € N(v), and C;; = 0 otherwise. In particular, we obtain

Z IR B, ”")C ey < (1 _62)65(7’-&-1)A'

(k" v el

Combining the above two cases and the assumption of the Proposition yields

! 1 //
max E PR =K | +d (v, }Ok’ Yy < C.

(k' w"el
(k' v'")eI

Applying Theorem 2.11 and Lemma 2.13 gives

Iz =zl = sup

e | [tz - [ ﬁ(dadw)f(w)]

<2(1—¢e*) > D1.0)(0.01)
V'€V (Np(V)\ONy(v))

< 1 — 2A\ ,—B ,—Bd(v,0Np(v))
< 1—0( ee e

2

<
—1-c

(1 — £28)e B =8

where in the last inequality we used the fact that d(v,0Ny(v)) > b —r + 1. As the
choice of z € X was arbitrary, we get

(1 o €2A>e—ﬁ(2—r)

—Bb
e 7.
1—c

sup [, — 7| <2
reX
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B.2 Proof of Theorem 5.4 with one-sided Do-
brushin comparison theorem

Using Proposition B.1 and Proposition B.2 we can now apply the one-sided Dobrushin
comparison theorem (Theorem 2.12) to analyze the quantity ||F,v — F,v||; and to
provide a bound that is spatially homogeneous in J C V. As explained in Section
5.6, the key intuition behind the following proof is that both the filter recursion and
the approximate filter recursion can be phrased in terms of Gibbs samplers, which
can then be easily compared.

Theorem B.3. Suppose there exists € > 0 such that
e <p(w,2¥) <e! forallveV, x,z e X
Let v be a probability measure on X, and suppose that
Corr(v, B) 4+ (1 — e2)ePrA < ¢ < 1,
(1 —e2)efr+ A
1—c
for a sufficiently small constant B > 0. Then, for each n > 1 and J CV we have

<d <1,

. e P (1 — 28) 1
Fov— B, <2 cardJ Bt m)
IIF,.v v||; <2 car < i—a0-0) e +1_C/c >

Proof. Fix n > 1 and J C V. To lighten the notation, we write n* for n; , and G"
for G?

n.v» and analogously for 77 and G*. By construction, for each v € V the kernel
G, , leaves the measure F,,p invariant, that is,

(Fnp)Gy, = Fup.
Hence, we can express the filter recursion as m sweeps of a Gibbs sampler, namely,
On the other hand, the approximate Gibbs sampler filter recursion reads
Fupi= (G, Gl )™

Therefore, we can decompose the one-step error between filter and approximate
filter as

I(Fur) = (Far)lls = sup  |(Far)(G™ - G*)™ f —w(G™ - G*)" f|
fexi|fl<1

< sup  sup |[0.(GU -GV f — 5:(GU - GUO)™ |

fexy:|f|I<1 2,2eX

< sup [[6.(GV - GU)™ = 6, (G - GP)™

zeX

+ sup [|0,(G* -+ G — 5:(GY - - - GY)™| 5. (B.1)

z,zeX
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We first analyze the first term on the right side of (B.1), which will give us a
bound depending on the approximation parameter b. Henceforth, fix z € X. For any
bounded measurable function f on X we have

m d
5Z(Gv1"'Gvd)mf:/(L(de)Hank(a?ém ..... Vg—1} ézkl ..... vq} d$zk)f(l‘m),

(=1 k=1

~ ~ m d
0(Gr - Grym f = / -(dwo) [T TL i (af™ ) ) f ().

{=1 k=1

Define I := J;-,({¢} x V) and S := ;- , X. Define the probability measures on S

m d
p(4) = / (dwo) [T [T (i arf2y o) 1a (),
{=1 k=1
m d
A= [ adm) [Tl Dl dei) L),
(=1 k=1

By construction, we have

.G Gy (G| = | [t o)~ [ s

We want to use Theorem 2.12 to bound this quantity. To this end, let 7 be defined
as
T:ii= ) €l — 7(i) =ld+k,

and for each i € I, z € S, let
7;(14) = p(Xi c Alegf(w\{i} _ xfgf(n\{i})7
FL(A) = p(X' e A|ng7(i>\{i} - a;fgfm\{i})‘
We immediately find that for each x € S, £ € {1,...,m}, k € {1,...,d}, we have
YI(A) = APV (A) = 6.0(A),
A (A) = (g et 4),
AL (A) = (g et A),
Recall the following definition from Proposition B.1:
1
Ry == sup e — n2|| for v,v" € V.
2 z,zeX:
LI\ =g\ (o'}
It is easy to check that for each i, € I we have
O Ry ifi=(lv),j= ) for0<7()—7(5) <d-—1,
Y 0 otherwise,
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and for each j € I we have

b — 4 SWaex [l =723 j = (60), €21,
’ 0 otherwise.

So, by Theorem 2.12 and Proposition B.2 (to bound the b;’s) we have

10.(G® - - - G¥a)™ — 52(@*?)1 e é”d)mHJ < Z Z D)5 b;

ved jel
1— 2A B(2—r)
<2 B eSS Dy
- ¢ ved jel
Moreover, by Proposition B.1 we have
(1—e)Aefr—t)
= r < < 1
e D Oy =max ) Row < ——— —— =<1,
jel v'ev
from which by Lemma 2.13 it follows that
1
max Dij S .
il 4 1-¢
jel

We finally obtain
E2A)e—,8(2—'r)
(I1—c)(1-¢)

We now analyze the second term on the right side of (B.1), which will give us
a bound depending on the iteration step m. Henceforth, fix z,Z € X. Define the
probability measures on S

16, (G¥ -+ - GUa)™ — §(G¥* - - - G*)™||; < 2 card J (L e (B.2)

U

pA) = / (dzo) HH P ) 1),
/=1

By construction we have, for any bounded measurable function f on X,

5.(G™ - GPYf = 5(GY - GRYm f| = ] / p(de) f(zm) — / Hde) ().

In the present case we find the following expressions for the one-sided conditional
distributions, for each z € S, £ € {1,...,m}, k € {1,...,d},

A0 (A) = 8.0(A),
O (4) = 8:0(A),
A (A) = AL (A) = e (g ) A),
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As before, for each i,j € I we have

o Ry ifi=(lv),j= ) for 0<71()—7(5) <d-—1,
Y0 otherwise,

and for each 7 € I we now have

b, < {2 if 7(j) =0,

0 otherwise.

By Theorem 2.12 we find

16.(G* - G )™ = §:(G™ -G Y™ 5 < 3N Dy b <23 Do)

vedJ jel veJ v'eV

Proceeding as above, by Proposition B.1 we have

max » Cj;; < <1,
icl

jeI
from which it follows that
o0 c/m
D C ) <
Hvlea‘;i Ze;/ (m,)(0,0") 7;1 (m,w)(0,0") = 1— ¢’

where we have used that Cj; # 0 only if 0 < 7(i) — 7(j) < d — 1. We finally obtain

/m

[6,(G -+ - GP4)™ — §5(G¥' - - - G*)™||; = 2 card J 16_ -

(B.3)

As the choice of z, Z € X is arbitrary, together (B.2) and (B.3) yield the statement
of the Theorem. O

The proof of Theorem 5.4 follows as an immediate consequence of Theorem B.3.

Proof of Theorem 5.4. In Theorem B.3, choose ¢ = % and ¢ = ;11. Let

(1—e?)efr ) A
1-c

207

from which we get 3 = ﬁlogm >0,as € >¢eg:= /1 — gx. As Corr(v, §) < 7

by assumption, we find

Il
o

1
Corr(v, ) + (1 — 2P TIA < 1 +d(1—¢)=

co| w
VAN
N | —
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Hence, both assumptions in Theorem B.3 hold, and for each n > 1 and J C V we get

o 4 1\
|Fov — Fov|ls <2 card J (2 e BR=) (1-— 82A) e P 4 3 (Z) )

< % card J (eiﬁb + e’(log‘l)m)

—~ min{b,
< « card J ey min{bm}

where

=4 (; (8A(1 — £2)) 771 (1 — £28) + %) :

1 1
:= mi | log4 » .
i mm{r—l—l Og8A(1—52)’Og }
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Appendix C

Comparison theorems for Gibbs
measures: proofs

The first part of this appendix (Sections C.1-C.5) is devoted to providing the proofs for
the generalized comparison theorems introduced in Chapter 6 (Theorem 6.4, Corollary
6.8, and Theorem 6.12). The second part of this appendix (Sections C.6) is devoted to
developing the application of the generalized comparison theorems to block particle
filters (Theorem 6.13).

C.1 General comparison principle

The proof of Theorem 6.4 is derived from a general comparison principle for Markov
chains that will be formalized in this section. The basic idea behind this principle
is to consider two transition kernels G and G on S such that pG = G and 3G = p.
One should think of GG as the transition kernel of a Markov chain that admits p as
its invariant measure, and similarly for G. The comparison principle of this section
provides a general method to bound the difference between the invariant measures p
and p in terms of the transition kernels G and G. In the following sections, we will
apply this principle to a specific choice of G and G that is derived from the coupled
update rule.

We begin by introducing a standard notion in the analysis of high-dimensional
Markov chains, cf. [23] (note that our indices are reversed as compared to the defini-
tion in [23]).

Definition C.1. (V;);jer is called a Wasserstein matrix for a transition kernel G
on S if

osc;Gf < Z osc; f Vi;

icl

for every j € I and bounded and measurable quasilocal function f.

We now state our general comparison principle.
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Proposition C.2. Let G and G be transition kernels on S such that pG = p and
pG = p, and let QQ, be a coupling between the measures G, and G, for every x € S.
Assume that G is quasilocal, and let V' be a Wasserstein matriz for G. Then we have

of —pf| < oscif NV / pldr) Qumy + > oseif Vi (p @ p)n,
i,j€l i,5€1

where we defined

NM .= "Zl 748
k=0

for any bounded and measurable quasilocal function f and n > 1.

Theorem 6.4 will be derived from this result. Roughly speaking, we will design
the transition kernel G such that V= I — W + R is a Wasserstein matrix; then
assumption (6.1) implies that the second term in Proposition C.2 vanishes as n — oo,
and the result of Theorem 6.4 reduces to some matrix algebra (as will be explained
below, however, a more complicated argument is needed to obtain Theorem 6.4 in
full generality).

To prove Proposition C.2 we require a simple lemma.

Lemma C.3. Let ) be a coupling of probability measures p,v on S. Then
uf = vfl <Y oseif Qns
icl
for every bounded and measurable quasilocal function f.

Proof. Let J € J. Enumerate its elements arbitrarily as J = {ji,...,J,}, and define
Je =A{Jj1,..., gkt for 1 <k <rand Jy = &. Then we can evidently estimate

11](2) )| < Z ] (2Te2Ne) — (o 2NV <Y Coses (2, 7).

jeJ
As f is quasilocal, we can let J 1 I to obtain
1f(z) = f(Z)] < ZOSCif ni(2is Zi)-
iel
The result follows readily as |uf —vf| < [|f(2) — f(2)| Q(dz, dZ). O
We now proceed to the proof of Proposition C.2.

Proof of Proposition C.2. We begin by writing
pf = pfl = 1pG" f — pG" f|

n—1

<D PGTTIIGEf = pGTEGE S|+ |0GT f — G

3 =
Il
= o

PGGEf — pGG f| + |pG™f — pG" f|.

B
Il
o
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As G is assumed quasilocal, G* f is quasilocal, and thus Lemma C.3 yields

PG — GGGH| < / Ad) |GLGEf — GG |

< [ i) Y- oG @y

jel

<) ose;f VY /*ﬁ(dw) Qa1

ijel

Similarly, as p ® p is a coupling of p, p, we obtain by Lemma C.3
pG"f — G| < 0se;G"f (p@ p)ny < > oseif Vi (p @ p)ny.

Jjel i,5€1

Thus the proof is complete. O]

C.2 Gibbs samplers

To put Proposition C.2 to good use, we must construct transition kernels G and G
for which p and p are invariant, and that admit tractable estimates for the quantities
in the comparison theorem in terms of the coupled update rule (7,57, Q7, QJ)Jeg
and the weights (wy)ey. To this end, we will use a standard construction called the
Gibbs sampler: in each time step, we draw a region J € J with probability vy o< wy,
and then apply the transition kernel v/ to the current configuration. This readily
defines a transition kernel G for which p is G-invariant (as p is y/-invariant for every
J € J). The construction for G is identical. As will be explained below, this is not
the most natural construction for the proof of our main result; however, it will form
the basis for further computations.

We fix throughout this section a coupled update rule (v7, 5/, Q”, Q7 )seg for (p, p)
and weights (wy) jey satisfying the assumptions of Theorem 6.4. Let v = (v;) ey be a
sequence of nonnegative weights such that >, v; < 1. We define the Gibbs samplers

Gy(A) = (FZ%) La(a) + ) o / La(z72") 7] (d=7),

Jed Jed
GY(A) = <I—ZUJ> La(z +ZUJ/1A T 3] (dz7).
Jed Jed

Evidently G¥ and GV are transition kernels on S, and pG¥ = p and G = j by
construction. To apply Proposition C.2, we must establish some basic properties.

Lemma C.4. Assume that v/ is quasilocal for every J € J. Then GY is quasilocal.

Proof. Let f:S — S be a bounded and measurable quasilocal function. It evidently
suffices to show that 7 f7 is quasilocal for every J € J. To this end, let us fix J € g,
z,z €S, and Jyi, Jo,... € Isuch that J; C J, C--- and |J; J; = I. Then we have

J 1—00 J .
Vodighsy — Yz setwise
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as v’ is quasilocal. On the other hand, we have

Z‘]Jix,\Ji o f? pointwise
as f is quasilocal. Thus by [13, Proposition 18, p. 270] we obtain

J J z—>oo J pJ
fyzjiml\‘]i fZJig;I\J f

As the choice of z, z and (J;);>1 is arbitrary, the result follows. O

Lemma C.5. Assume that v’ is quasilocal for every J € J, and define

VVZ‘; = 1i:j Z U,

Jegied

Z vy Qgc 2T

eJuied

A
Ry, = sup
x,z€S: 77 (x]a j 7
I\ =, 1\ U}

Then V¥V =1 — WY 4+ RY 1s a Wasserstein matriz for GV.

Proof. Let f : S — S be a bounded and measurable quasilocal function, and let
x,z € S be configurations that differ at a single site card{i € I : x; # z;} = 1. Note
that

V= (] @ 6,00 ], Y =0 ©d.00)f

As Q7 . is a coupling of 7 and 7/ by construction, the measure Q7 , ® d,1ns ® 0,1
is a coupling of v/ ® §,ns and v/ ® d,1s. Thus Lemma C.3 yields

‘%{fa}] - fy,‘z]f;]’ < ZOSCif< g,z ® 5:01\‘] ® 5,21\])771'

i€l
= ZOSC FQ.mi+ Z osc; f (i, z:).
ieJ 1€I\J

In particular, we obtain

IGVf(w)—GVf(ZHS(l—ZvJ)I O+ Y vl 1= f)

Jej Jej

< (1—2 UJ) ZOSCif ni(wi, zi) + ZUJ (ZOSCif Qz.mi+ Z osc; f 1 (w, Zz))

Jed i€l Jed e 1€I\J

= Zoscif {1 =WYni(zi, zi) + ZOSCif Z vy Qizm-

iel icl Jegied

Now suppose that #/\M7} = 2/\J} (and o # 2). Then by definition

> QL < R ny(a;,v),

Jegaied
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and we obtain

|Gvf($) - Gvf(2>| < OSij{l _ W]\;} + Zoscif R;’]

1;(25, %) pori

Thus VY =1 — WY + RY satisfies Definition C.1. O
Using Lemmas C.4 and C.5, we can now apply Proposition C.2.

Corollary C.6. Assume that v’ is quasilocal for every J € . Then

of —pf] <> oseif NS a¥ + > oscif (I— WY+ RY) (p® p)ny

ijel ijel
for every n > 1 and bounded and measurable quasilocal function f, where
n—1

NV =N (1 = WY + RY)¥
k=0

and the coefficients (aY);er are defined by a¥ := 3" ;cp.c;vs [* pdx) Qln;.

Proof. Let G = GY, G =GY, V =1 — WY + RY in Proposition C.2. The requisite
assumptions are verified by Lemmas C.4 and C.5, and it remains to show that there
exists a coupling Q, of G, and G,, such that [* p(dx) Qun; < a; for every j € I. But
choosing

Q:):g = (1 - ZQ]) g(l’, iL‘) + ZUJ / Qi(dZJ’ ng) g(ZJxI\Ja EJxI\J)a

Jed Jed
it is easily verified that (), satisfies the necessary properties. O

In order for the construction of the Gibbs sampler to make sense, the weights v
must be probabilities. This imposes the requirement ), v; < 1. If we were to assume
that ), w; <1, we could apply Corollary C.6 with v; = w,;. Then assumption (6.1)
guarantees that the second term in Corollary C.6 vanishes as n — oo, which yields

lpf —pf| < ZoscifNijaj with N := Z(I—W—i—R)k.

ijel k=0

The proof of Theorem 6.4 would now be complete after we establish the identity

(WIRFW! = DWW,

N=Y (I-W+RF=
= 0

o
k=0 k=

This straightforward matrix identity will be proved in the next section. The assump-
tion that the weights w; are summable is restrictive, however, when [ is infinite:
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in Theorem 6.4 we only assume that W;; < 1 for all 7, so we evidently cannot set
Vy=wy.

When the weights w; are not summable, it is not natural to interpret them as
probabilities. In this setting, a much more natural construction would be to consider a
continuous time counterpart of the Gibbs sampler called Glauber dynamics. To define
this process, one attaches to each region J € J an independent Poisson process with
rate wy, and applies the transition kernel v/ at every jump time of the corresponding
Poisson process. Thus w; does not represent the probability of selecting the region J
in one time step, but rather the frequency with which region J is selected in continuous
time. Once this process has been defined, one would choose the transition kernel G to
be the transition semigroup of the continuous time process on any fixed time interval.
Proceeding with this construction we expect, at least formally, to obtain Theorem
6.4 under the stated assumptions.

Unfortunately, there are nontrivial technical issues involved in implementing this
approach: it is not evident a prior: that the continuous time construction defines a
well-behaved Markov semigroup, so that it is unclear when the above program can
be made rigorous. The existence of a semigroup has typically been established under
more restrictive assumptions than we have imposed in the present setting [36]. In
order to circumvent such issues, we will proceed by an alternate route. Formally, the
Glauber dynamics can be obtained by an appropriate scaling limit of discrete time
Gibbs samplers. We will also utilize this scaling, but instead of applying Proposition
C.2 to the limiting dynamics we will take the scaling limit directly in Corollary C.6.
Thus, while our intuition comes from the continuous time setting, we avoid some
technicalities inherent in the construction of the limit dynamics. Instead, we now
face the problem of taking limits of powers of infinite matrices. The requisite matrix
algebra will be worked out in the following section.

Remark C.7. Let us briefly sketch how the previous results can be sharpened to obtain
a nonlinear comparison theorem that could lead to sharper bounds in some situations.
Assume for simplicity that ) ,wy < 1. ThenV =1—-W +R is a Wasserstein matriz
for G by Lemma C.5. Writing out the definitions, this means §(Gf) < 6(f)V where

(BY); =B Sup. {L‘j (1 - wJ) @5 Z wy Q; zm}

I\{g} I} Jued Jaed

(here we interpret 5 = (B;)icr and 6(f) = (osc;f)icr as row vectors). However, from
the proof of Lemma C.5 we even obtain the sharper bound 6(G f) < V[6(f)] where

VB = sup > B {L‘j (1 - wJ> Z wy Q znz}

T
NG e Jied 05w, 2)) Ji€d

1s defined with the supremum over configurations outside the sum. The nonlinear
operator V can now be used much in the same way as the Wasserstein matriz V. In
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particular, following the identical proof as for Proposition C.2, we immediately obtain

of =11 < X0 Y VO, [ ) Qo+ VIS, (00

jel k=0 jeI

where VF denotes the kth iterate of the nonlinear operator V. Proceeding along these
lines, one can develop nonlinear comparison theorems under Dobrushin-Shlosman type
conditions (see the discussion in Section 0.5.2). The nonlinear expressions are some-
what difficult to handle, however, and we do not develop this idea further in this
thesis.

C.3 Proof of Theorem 6.4

Throughout this section, we work under the assumptions of Theorem 6.4. The main
idea of the proof is the following continuous scaling limit of Corollary C.6.

Proposition C.8. Lett > 0. Define the matrices

& & tkeft
N:=> (I-W+R?" vit=3%" o (I —W + R)".
k=0 k=0

Then we have, under the assumptions of Theorem 6.4,

pf = pfl < oscif Nyjaj+ 3 ose;if Vi (p® o)
i,5€l i,5€1

for every bounded and measurable quasilocal function f such that osc;f < oo for all
1€ 1.
Proof. Without loss of generality, we will assume throughout the proof that f is
a local function (so that only finitely many osc;f are nonzero). The extension to
quasilocal f follows readily by applying the local result to f/ and letting J 1 I as in
the proof of Lemma C.3.

As the cover J is at most countable (because J is countable), we can enumerate
its elements arbitrarily as § = {Ji, Ja,...}. Define the weights v" = (v7) j¢j as

o wy when J = J for k <,
7771 0 otherwise.

For every r € N, the weight vector uv” evidently satisfies ) uv; < 1 for all u > 0

sufficiently small (depending on 7). The main idea of the proof is to apply Corollary

C.6 to the weight vector v = (t/n)v", then let n — oo, and finally r — oo.
Let us begin by considering the second term in Corollary C.6. We can write

(I — WY 4 RUMIV — <<1 —~ 3)1 +-(I =W+ R"T))

n

kio (Z> (1 N %)n_k (%)k (I—WY + R

=E({I-WY +RV)%
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where we defined the Binomial random variables Z,, ~ Bin(n,t/n). The random
variables Z,, converge weakly as n — oo to the Poisson random variable Z,, ~ Pois(t).
To take the limit of the above expectation, we need a simple estimate that will be
useful in the sequel.

Lemma C.9. Let (¢j)jer be any nonnegative vector. Then

Y (=W + R )¢, <28 max Y (I =W+ R)}j ¢
0<t<k
jel jerl

for everyi € I and k > 0.
Proof. As RY is nondecreasing in v we obtain the elementwise estimate
I-WY +R" <I+R<I+(I-W+R),

where we have used W;; < 1. We therefore have

SU-WY+R e, <> (I+{I-W+RpE, Z()Z[ W+ R); c;,

jeI jel /=0 jel
and the proof is easily completed. O

Define the random variables
X =g(Z,) with g(k) =Y osc;f (I =W +R")E (p® p)n;.
ijel

Then X,, — X, weakly by the continuous mapping theorem. On the other hand,
applying Lemma C.9 with ¢; = (p ® p)n; we estimate g(k) < C2F for some finite
constant C' < oo and all k& > 0, where we have used assumption (6.1) and that f is
local. As

limsup sup E(27" 152, 5,,) < lim v 'sup E47" = lim v 'e* = 0,

u—oo n>1 U—00 n>1 U—00

it follows that the random variables (X,,),>1 are uniformly integrable. We therefore

conclude that E X,, — E X, as n — oo (cf. [3], Lemma 4.11]). In particular,
(t/n)v" (t/n)v"\n ~
lim Y oscif (1= WY 4 RUDY Y (0@ pyny = Y- oseif Vi (p @ oy,
1,5€l i,j€l
where .
v =3%" et (I—-WY +R")*
B —~ Kk
=0

We now let r — oo. Note that WY 1+ W and RV 1 R elementwise and, arguing as
in the proof of Lemma C.9, we have I — WY + RY < I+ (I — W + R) elementwise
where

k 7t

Z Z x osci f {I+(I-W+R)} (p&p)n; < e supZochf (I-W+R)S; (p2p)n;

k=0 ijel 20 Ger
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is finite by assumption (6.1) and as f is local. We therefore obtain

: : . o (t/n)v" (t/n)v"\n
Tlirgoggr&ZOSczf(I w +R )is (p® p)n Zosclf p®p)

i,5€l i,j€I

by dominated convergence. That is, the second term in Corollary C.6 with v =
(t/n)v" converges as n — oo and 7 — 0o to the second term in statement of the
present result.

It remains to establish the corresponding conclusion for the first term in Corollary
C.6, which proceeds much along the same lines. We begin by noting that

1 n—1 1 n—1 " k
- I — WE/mv" o pt/n)viyk _ = 1- =~ I —wY LR
I FROTE=DD I+ +RY)

k=0

(-

) (I—-WY + R

S|

where we have defined

PR LR

n
k=t

for £ < n. An elementary computation yields

! 1 [tsfe
Zpén) =1 and pén) L pf;"’) =- / ds.
8 £y @

We can therefore introduce {0, 1,...}-valued random variables Y;, with P(Y,, = ¢) =
pé") for ¢ < n, and we have shown above that Y,, — Y, weakly and that

[y

3

(I . W(t/n)vr + R(t/n)vT)k —E (I . er + RVT>YH
0

SHE
i

The first term in Corollary C.6 with v = (¢/n)v" can be written as

J

Z Osczfz [ W(t/n v + R(t/n)v )Z] a(t/n)v _ tEh(Yn),
i,j€1
where we have defined
= Z oscif (I — WY + RVT)Z a;-’r.
i€l
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We now proceed essentially as above. We can assume without loss of generality that

supZoscif(I W + R);; a; < oo,

£>0 ijel

as otherwise the right-hand side in the statement of the present result is infinite and
the estimate is trivial. It consequently follows from Lemma C.9 that h(k) < C2* for
some finite constant C' < oo and all £ > 0. A similar computation as was done above
shows that (h(Y}))n>o is uniformly integrable, and therefore Eh(Y,,) - Eh(Yy). In
particular, the first term in Corollary C.6 with v = (¢/n)v" converges as n — 0o to

n—1
i . —_ (t/n)v" t/n)v" (t/n)v 0
nlglgo Z 0s¢if Z(I w + R )ZJ J Z oscf Ny aj

ijel k=0 ijel

where

o t k, —s
=3[ Zds (I WY +RY)"
2 Jy !

Similarly, letting » — oo and repeating exactly the arguments used above for the
second term of Corollary C.6, we obtain by dominated convergence

Bl 3 ose (1 WO RO 0 = 5 o Ny

i,j€I k=0 u,J€l

where

s

ds (I — W + R)".

o |
—~ Jo k!

To conclude, we have shown that applying Corollary C.6 to the weight vector v =
(t/n)v" and taking the limit as n — oo and r — oo, respectively, yields the estimate

|pf_:5f| S Zoscif aj + ZOSCZfV[] p®p)

i,j5€1 1,j€1

It remains to note that t*e~*/k! is the density of a Gamma distribution (with shape
k + 1 and scale 1), so fot ske=*/k!ds < 1 and thus N < N elementwise. O

We can now complete the proof of Theorem 6.4.

Proof of Theorem 6./. Once again, we will assume without loss of generality that f
is a local function (so that only finitely many osc;f are nonzero). The extension to
quasilocal f follows readily by localization as in the proof of Lemma C.3.

170



We begin by showing that the second term in Proposition C.8 vanishes as ¢t — oo.
Indeed, for any n > 0, we can evidently estimate the second term as

2 ot _
Z x Zoscif(]—W—i—R)fj (p® p)n;
k=0 t,jel
, . n tke_t
< sé{;g) Z OSCif ([ - W+ R)ij (p ® 0)779‘ Z k!
>0 o k=0
Z ~
+ 3up Z osc;f (I =W + R)i; (p @ p)n;.
>n

i,7€1

By assumption (6.1) and as f is local, the two terms on the right vanish as ¢ — oo
and n — oo, respectively. Thus second term in Proposition C.8 vanishes as t — oc.
We have now proved the estimate

Ipf —pfl < Z osc; f Nija;.
ijel

To complete the proof of Theorem 6.4, it remains to establish the identity N = DW 1.
This is an exercise in matrix algebra. By the definition of the matrix product, we
have

p
T-WH+RP=>" Y (I=W)*R---(I-W)"R(I-W)".
k=0 ng,...,n>0
no+--+ng=p—k

We can therefore write

o

> (I-W+ Ry

p=0

=3 Y S L (L = WY R (1 W) R(— W)

k=0 ng,...,n >0 p=0

=3 > U=-W)"R--(I—=W)"R(I - W)™

where we have used that W= = "> (I — W)™ as W is diagonal with 0 < W;; <
1. [

C.4 Proof of Corollary 6.8

Note that sup, W;; < oo in all parts of Corollary 6.8 (either by assumption or as
card I < oo). Moreover, it is easily seen that all parts of Corollary 6.8 as well as the
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conclusion of Theorem 6.4 are unchanged if all the weights are multiplied by the same
constant. We may therefore assume without loss of generality that sup, W;; < 1.
Next, we note that as p and p are tempered, we have

sup (p ® p)n; < sup pn( -, x7) +sup pn(x}, -) < o0
i€l el el

by the triangle inequality. To verify (6.1), it therefore suffices to show that

lim (7= W+ R)Y, =0 forallicl. (C.1)
—00
Jel

We now proceed to verify this condition in the different cases of Corollary 6.8.
Proof of Corollary 6.8(1). 1t was shown at the end of the proof of Theorem 6.4 that
D I-W+RF=> (W'R}!W =DW .

k=0 k=0

As W1 has finite entries, D < oo certainly implies that (I —W + R)* — 0 as k — oo
elementwise. But this trivially yields (C.1) when card I < oo. O

Proof of Corollary 6.8(2). Note that we can write

D= i(W‘lR)k’ = nZ(W—lR)P i(W‘lR)”’“.

Therefore, if R < oo and ||[(W™'R)"|| < 1, we can estimate

n—1 00
IDI< [ D_ W RP| > W R)M* < oc.
p=0 k=0
Thus D < oo and we conclude by the previous part. O

Proof of Corollary 6.8(3). We give a simple probabilistic proof (a more complicated
matrix-analytic proof could be given along the lines of [I4, Theorem 3.21]). Let
P =W™R. As ||P|lx < 1, the infinite matrix P is substochastic. Thus P is the
transition probability matrix of a killed Markov chain (X,,),>o such that P(X,, =
j1Xn-1 =) = Pj and P(X,, is dead|X,,.; = i) = 1 — > . Pj; (once the chain dies, it
stays dead). Denote by ¢ = inf{n : X,, is dead} the killing time of the chain. Then
we obtain

P(¢ > n|Xy =1i) = P(X, is not dead| Xy = i) = ZPZ < |NP|oo < || P)|%.

Jjel

Therefore, as || P||o < 1, we find by letting n — oo that P({ = 00| Xy =) = 0. That
is, the chain dies eventually with unit probability for any initial condition.
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Now define P=T—-W+R=I1—-W+WP. As sup; Wi; < 1, the matrix P is also
substochastic and corresponds to the following transition mechanism. If X, ; = 17,
then at time n we flip a biased coin that comes up heads with probability W;;. In case
of heads we make a transition according to the matrix P, but in case of tails we leave
the current state unchanged. From this description, it is evident that we can construct
a Markov chain (Xn)nzo with transition matrix P by modifying the chain (X3)n>0 as
follows. Conditionally on (X,,),>0, draw independent random variables (&,),>0 such
that &, is geometrically distributed with parameter Wy, x,. Now define the process
(Xn)nZO such that it stays in state X, for the first & time steps, then is in state X;
for the next & time steps, etc. By construction, the resulting process is Markov with
transition matrix P. Moreover, as ¢ < 0o a.s., we have ( := inf{n : X, is dead} < oo
a.s. also. Thus

lim » (I —W + R)j; = lim P(C > n|Xo =) =0

n—oo -
jel

for every i € I. We have therefore established (C.1). O
Proof of Corollary 6.8(4). We begin by writing as above

i [—W+R) i(w—l}z)kw—1 = iw—l(fzw—l)k,
k=0 k=0 k=0

where the last identity is straightforward. Arguing as in Corollary 6.8(2), we obtain

DS EENE B LI P TTS

k=0 jel j€Il k=0

n—1
< IR Z I(RW1)"[|5, < oc.
p=0 k=0

o0

It follows immediately that (C.1) holds. O
Proof of Corollary 6.8(5). Note that

D BRWIHEImll < NEW DY gl < IRWHIE D llngll-

Jjel jeI jeI

Thus Y, ||n;]] < oo and [[RW ™!, < 1 yield

SN U =W REInill = Wit YOS T(RWTHE ] < oo,

k=0 jeI k=0 jeI

which evidently implies

lim > (7= + R)E(p®p)n; =0 forallie I
—00
jel

We have therefore established (6.1). O
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Proof of Corollary 6.8(6). Let r = sup{m(i,j) : R;; > 0} (which is finite by assump-
tion), and choose 3 > 0 such that ||RW ~!||; < e7?". Then we can estimate

IRy = sup - R < RV 1 < 1.
IS8 Ger

As m is a pseudometric, it satisfies the triangle inequality and it is therefore easily
seen that || - ||1 g is a matrix norm. In particular, we can estimate

N (RW ) < (RW ) 1 pm < [IRW 1
for every 7,7 € I. But then
I(RW )" o = sup D (RW ) < [RW 1 5 5up e 0 < oo
icl jer iel jer

for all n. We therefore have ||RW ||, < oo, and we can choose n sufficiently large
that ||(RW™1)"]| < 1. The conclusion now follows from Corollary 6.8(4). O

C.5 Proof of Theorem 6.12

In the case of one-sided local updates, the measure p<j, is y/-invariant for 7(J) = k
(but not for 7(J) < k). The proof of Theorem 6.12 therefore proceeds by induction on
k. In each stage of the induction, we apply the logic of Theorem 6.4 to the partial local
updates (v7)jegir(s)=k, and use the induction hypothesis to estimate the remainder
term.

Throughout this section, we work in the setting of Theorem 6.12. Define

Iy ={iel:7(i) <k}, Iy ={iel:7(i) =k}

Note that we can assume without loss of generality that R;; = 0 whenever 7(j) > 7(4).
Indeed, the local update rule v does not depend on z; for 7(j) > 7(J), so we can
trivially choose the coupling Q7 for 2/\} = 27\U} such that Q7 n; = 0 for all i € J.
On the other hand, the choice R;; = 0 evidently yields the smallest bound in Theorem
6.12. In the sequel, we will always assume that R;; = 0 whenever 7(j) > 7(7).

The key induction step is formalized by the following result.

Proposition C.10. Assume (6.1). Let (B;)ici.,_, be nonnegative weights such that
p<k-19 — p<rrgl < Y oscig B
iEISk—l

for every bounded measurable quasilocal function g on S<i_1 so that osc;g < oo Vi.
Then

lp<if — p<if| < Z {oscjf + Z osc; [ Dy (WlR)lj} B + Z osc; [ Dj; nglaj
jEl<k 1 i€l ijely
for every bounded measurable quasilocal function f on S<j so that osc;f < oo Vi.
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Proof. We fix throughout the proof a bounded and measurable local function f :
S<r — R such that osc;f < oo for all ¢ € I<;. The extension of the conclusion to
quasilocal functions f follows readily by localization as in the proof of Lemma C.3.

We denote by GY and GY the Gibbs samplers as defined in Section C.2. Let
us enumerate the partial cover {J € J : 7(J) = k} as {Ji, J2,...}, and define the
weights v" as in the proof of Proposition C.8. By the definition of the one-sided local
update rule, p<j is G*¥ -invariant and p<, is G* -invariant for every r,u such that
> uvy < 1. Thus

p<if = p<ufl < D oseif NE a4 |pei (G f = pein(GM)" |
i,jGISk

as in the proof of Corollary C.6, with the only distinction that we refrain from using
the Wasserstein matrix to expand the second term in the proof of Proposition C.2.
We now use the induction hypothesis to obtain an improved estimate for the second
term.

Lemma C.11. We can estimate

p<kg — pargl < D oscigBi+3) oscig (p® P,

i€I§k71 1€y,

for any bounded and measurable quasilocal function g : S<, — R such that osc;g < oo

Vi.
Proof. For any z € S<j, we can estimate
|p<kg — P<kg| < |p<i—19z — P<r—19| + p<i(9 — 9u)| + [P<k(9 — G2)],
where we defined g,(z) := g(z/s*12'*). By Lemma C.3 we have
19(2) = 2(2)] <) oscigni(zi, ).
i€l
We can therefore estimate using the induction hypothesis and the triangle inequality
p<rg — prgl <Y oscig Bi+ Y oscig {pmi( - &) +mi(Fiw) + pma -, wi) }

ie[gk—l i€l

for all z,& € S<;. Now integrate this expression with respect to p(dx) p(dz). O

To lighten the notation somewhat we will write v = uv" until further notice. Note
that by construction ay = 0 whenever 7(j) < k, while R}; = 0 whenever 7(j) > 7(i)
by assumption. Thus we obtain using Lemma C.11 and Lemma C.5

p<if — perf| < D oseif N a¥ +3 3 oscif (I — WY + R (0@ )
i,j€Ik i,J€I}
+ Z Z oscif (I — WY + RY)1% B,

1€l<y jEI<k—1
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provided that ) osc;f (I — WY + RY)}; < oo for all j.
Next, note that as v; = 0 for 7(J) < k, we have R}, = W% = 0 for i € I, ;.
Thus

VVZI—WV+RV:(V R )7

0 I

where VV := (Vi¥)ijer, and RY = (RY))ier,. jel<;,_,- In particular,

w7 SR,

Moreover, as R}, = 0 whenever 7(j) > 7(i), we evidently have (V")fj = (VV);; for
1,7 € I. Substituting into the above expression, we obtain

lp<if — p<if| < Z 0S¢, f Ni\;(n) aj +3 Z osc; f (I = WY + RY){; (p @ p)n;

1,J€1 3,J€1
v(n) pv
+ g {OSij+ E osc; f N, lj}ﬁj
jelgk,1 i,lelk

provided that ), osc;f (I — WY+ RY)j, < oo for all j. But the latter is easily verified
using (6.1) and Lemma C.9, as f is local and osc; f < oo for all i by assumption.
The remainder of the proof now proceeds precisely as in the proof of Proposition
C.8 and Theorem 6.4. We set v = (t/n)v", let n — oo and then r — oco. The
arguments for the first two terms are identical to the proof of Proposition C.8, while
the argument for the third term is essentially identical to the argument for the first
term. The proof is then completed as in the proof of Theorem 6.4. We leave the
details for the reader. O

We now proceed to complete the proof of Theorem 6.12.

Proof of Theorem 6.12. Consider first the case that k_ := inf;c; 7(i) > —oo. In this
setting, we say that the comparison theorem holds for a given k > k_ if we have

o<t = perf| < Y oseif DiyWiita;

t,j€l<k

for every bounded measurable quasilocal function f on S<j such that osc;f < co Vi.
We can evidently apply Theorem 6.4 to show that the comparison theorem holds for
k_. We will now use Proposition C.10 to show that if the comparison theorem holds
for k — 1, then it holds for k£ also. Then the comparison theorem holds for every
k > k_ by induction, so the conclusion of Theorem 6.12 holds whenever f is a local
function. The extension to quasilocal f follows readily by localization as in the proof
of Lemma C.3.

We now complete the induction step. When the comparison theorem holds for
k — 1 (the induction hypothesis), we can apply Proposition C.10 with

/62' = Z D” nglaj.

Jel<p—1
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This gives

lo<if —p<efl < D> oscif Dy (W R)yy Dy Wita;
J:q€l<k—1 t,l€IK
+ Z OSCZ‘f D'L’j ngl(lj + Z OSC,L'f Dij m;laj

ivjelfkfl 27]€Ik

for every bounded measurable quasilocal function f on S<j so that osc;f < oo Vi. To
complete the proof, it therefore suffices to show that we have

Dy= Y Y Da(W'R)yDy  fori€l je€ I

q€l<p—1 l€l)

To see this, note that as R;; = 0 for 7(i) < 7(j), we can write

Dy =) > (W™ R)ij, - (W' R) o5 (W R),
p=1 J1sedp—1€1:
T(H)<7(1) < <7 (Gp—1)<k

=32 Y R v RV R

p=1 n=1 lely q€l<kp 1

fori € I, and j € I<;_1, where we have used that whenever 7(j;) < --- < 7(jp—1) < k
there exists 1 < n < p such that ji,...,jp—n € I<p—1 and Jp—pi1, ..., Jp—1 € 1.
Rearranging the last expression yields the desired identity for D;;, completing the
proof for the case k_ > —oo (note that in this case the additional assumption (6.2)
was not needed).

We now turn to the case that k_ = —oo. Let us say that (5;)iecr., is a k-estimate
if

lp<kg — Pergl < Y oscig B
i€l<y

for every bounded measurable quasilocal function g on S<j, such that osc;g < oo Vi.
Then the conclusion of Proposition C.10 can be reformulated as follows: if (5;)icr.,_,
is a (k — 1)-estimate, then (53])ics, is a k-estimate with 8/ = 3; for i € I<;_; and

Bi= > > Da(W'R),; 8+ > DyW;'a

jEISk_1 lel}, jely

for i € I,. We can therefore repeatedly apply Proposition C.10 to extend an initial
estimate. In particular, if we fix k € Z and n > 1, and if (3;)ier,_, is a (kK — n)-
estimate, then we can obtain a k-estimate (3})ic;_, by iterating Proposition C.10 n
times. We claim that B

k—r
Bi= > { > ZD,-Z<W—1R>U6J~+ZDHWJ;%—}

s=k—n-+1 JE€l<p—n lEls J€ls

177



for 0 <r <n-—1and i € I;_,. To see this, we proceed again by induction. As
(Bi)ierc_,, is a (K — n)-estimate, the expression is valid for 7 = n — 1 by Proposition
C.10. Now suppose the expression is valid for all u < r <n — 1. Then we obtain

Do 2 DaWT'R) B+ Y Dy Wit
j€I<k n l€lp_y JE€I_y
k—u—1

- Z Z Z Z Z ZD” W™'R lJDJp(W_lR)pqﬂq

s=k—n+1j€ls l€ly_, t=k—n+1q€l<_, pElt
k—u—1
—1
DS 35 DD DI SYME ORI

s=k—n+1j€ls l€l)_,, t=k—n+1 g€l

for ¢ € I),_, by Proposition C.10. Rearranging the sums yields

> Da(WTR); B+ Y Dy Wi

Jel<k—n l€lL_y J€Ik—n
k—u—1
B -1 B -1
+ E E E Dy (W™ R)p, By + g D, W, ay ¢,
t=k—n-+1 qEISk,n pel; pEl;

for ¢ € I_,, where we have defined

= i D> Da(W'R)y, Dy

b=s q€ly lel;

whenever i € [ and j € I for s <t. But as Dy; = 0 when 7(¢) < 7(j), we have

Z Z Dy (W™'R)y, Dy; = Dy foriel}, 7€l

q€1§t71 lel;

using the identity used in the proof for the case k- > —oo, and the claim follows.
We can now complete the proof for the case k- = —oo. It suffices to prove the
theorem for a given local function f (the extension to quasilocal f follows readily
as in the proof of Lemma C.3). Let us therefore fix a K-local function f for some
K €7, and let k = max;ci 7(i) and n > 1. By Lemma C.3, we find that (8;)ier_,_, is
trivially a (k —n)-estimate if we set 5; = (p® p)n; for i € I<j_,. We therefore obtain

lpf —pfl < Z osc; f Di; Wi;ta; + Z Z oscif Dij (p ® p)nj

i,j€l el jEISk,n

from the k-estimate (f3})ies., derived above, where we have used that DW 'R < D.
But as f is local and osc; f < oo for all ¢ by assumption, the second term vanishes as
n — oo by assumption (6.2). This completes the proof for the case k- = —oo. O
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C.6 Block particle filter, improved analysis

In the remaining of this appendix we provide the proof of Theorem 6.13. We assume
to work in the same setting introduced in Chapter 4. Recall the following three
recursions:

A

7'('5’ = Fn"‘F1M7 ’ﬁ'ﬁ = I:;’n"'i;_ll,ua ﬁ'ﬁ = I%n"'F1//L7

where F,, := C,P, IN:n = C,BP, and IA:n .= C,,BS™P. This allows to decompose the

approximation error into two terms, one due to localization and one due to sampling

s = 2Rl < llmh = 7l + 7wy — 70l
Vv Vv
bias variance

by the triangle inequality (see Section 4.5.1). In the proof of Theorem 6.13, each of
the terms on the right will be considered separately. The first term, which quantifies
the bias due to the localization, will be bounded in Section C.6.1. The second term,
which quantifies the sampling variance, will be bounded in Section C.6.2. Combining
these two bounds completes the proof.

C.6.1 Bounding the bias

The goal of this section is to bound the bias term |77 — 77| ;, where we recall the
definition
lp=vlly:==sup |uf —vf]
fexy:|fI<1
the local total variation distance on the set of sites J. [Note that ||pu — v|; < K for
some K € R evidently implies [|p — v||; < K; the random measure norm ||-|| , will
be essential to bound the sampling error, but is irrelevant for the bias term.]

Let us first give an informal outline of the ideas behind the proof of the bias
bound. While the filter 77 is itself a high-dimensional distribution (defined on the
set of sites V'), we do not know how to obtain a tractable local update rule for it. We
therefore cannot apply Theorem 6.4 directly. Instead, we will consider the smoothing
distribution

p=P(Xy,.... X, € - |Y1,...,Y),

defined on the extended set of sites I = {1,...,n} x V and configuration space
S = X" As (X},Y))(kwer is a Markov random field (cf. Figure 4.1), we can read
off a local update rule for p from the model definition. At the same time, as 77 =
P7(X, € -|Y1,...,Y,) is a marginal of p, we immediately obtain estimates for 77
from estimates for p.

This basic idea relies on the probabilistic definition of the filter as a conditional
distribution of a Markov random field: the filtering recursion (which was only in-
troduced for computational purposes) plays no role in the analysis. The block filter

77, on the other hand, is defined in terms of a recursion and does not have an

no
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intrinsic probabilistic interpretation. In order to handle the block filter, we will ar-
tificially cook up a probability measure P on S such that the block filter satisfies
77 =P(X, € -|Y1,...,Y,), and set

p=P(Xy,.... X, € -|Y1,....Y,).
This implies in particular that

| — 7ol = llp — ﬁ”{n}xJa

and we can now bound the bias term by applying Theorem 6.4.

To apply the comparison theorem we must choose a good cover J. It is here that
the full flexibility of Theorem 6.4, as opposed to the classical comparison theorem,
comes into play. If we were to apply Theorem 6.4 with the singleton cover s = {{i} :
i € I}, we would recover the result of Theorem 4.2: in this case both the spatial and
temporal interactions must be weak in order to ensure that D =Y (W 'R)" < cc.
To avoid this problem, we work instead with larger blocks in the temporal direction.
That is, our blocks J € § will have the form J = {k+ 1,...,k + ¢} x {v} for an
appropriate choice of the block length ¢q. The local update 77 now behaves as ¢ time
steps of an ergodic Markov chain in X": the temporal interactions decay geometrically
with ¢, and can therefore be made arbitrarily small even if the interaction in one time
step is arbitrarily strong. On the other hand, when we increase ¢ there will be more
nonzero terms in the matrix W—'R. We must therefore ultimately tune the block
length ¢ appropriately to obtain the result of Theorem 6.13.

Remark C.12. The approach used here to bound the bias directly using the compar-
1son theorem is different than the one used in Chapter J, which exploits the recursive
property of the filter. The latter approach has a broader scope, as it does not rely on
the ability to express the approximate filter as the marginal of a random field as we do
above: this could be essential for the analysis of more sophisticated algorithms that do
not admit such a representation. For the purposes of the current analysis, however,
the present approach provides an alternative and somewhat shorter proof that is well
adapted to the analysis of block particle filters.

Remark C.13. The problem under investigation is based on an interacting Markov
chain model, and is therefore certainly dynamical in nature. Nonetheless, our proofs
use Theorem 6.4 and not the one-sided Theorem 6.12. If we were to approximate
the dynamics of the Markov chain X, itself, it would be much more convenient to
apply Theorem 6.12 as the model is already defined in terms of one-sided conditional
distributions p(x,z) ¥ (dz). Unfortunately, when we condition on the observations
Y,., the one-sided conditional distributions take a complicated form that incorporates
all the information in the future observations, whereas conditioning on all variables
outside a block J € J gives rise to relatively tractable expressions. For this reason, the
static “space-time” picture remains the most convenient approach for the investigation
of high-dimensional filtering problems.

We now turn to the details of the proof. We first state the main result of this
section.
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Theorem C.14 (Bias term). Suppose there exist 0 < £,6 < 1 such that
g 2") < Pl ) < e, ),
§<q'(z¥,2") <!

for everyv € V and x,z € X, where ¢* : X¥ x XV — R, is a transition density with
respect to Y'. Suppose also that we can choose ¢ € N and § > 0 such that

¢ = 3qA%e T (1 — 28TD) 1 eF(1 — £26%) + P11 — £26%)1 < 1

Then we have

Br
2e (1 — e2@tD2) card J e PUIIK)
—c

I = 7l <

for everyn >0,0 € X, K€ X and J C K.

In order to use the comparison theorem, we must have a method to construct
couplings. Before we proceed to the proof of Theorem C.14, we begin by formulating
two elementary results that will provide us with the necessary tools for this purpose.

Lemma C.15. If probability measures p,v,v satisfy u(A) > ay(A) and v(A) >
ay(A) for every measurable set A, then there is a coupling @ of p,v such that
[1,2.Q(dz,dz) <1 - a.

Proof. Define i = (u—av)/(1 —a), v = (v —ay)/(1 —«), and let

Qf =a / f(.2)7(dr) + (1 - a) / f (&, 2) fid) ().

The claim follows readily. O]
Lemma C.16. Let P,..., P, be transition kernels on a measurable space T, and
define

po(dwn, . .., dwy) = Py(x, dwy) Pa(wy, dws) - - - Py(wg—1, dwy).

Suppose that there exist probability measures vy,...,v, on T such that Pi(x,A) >
avi(A) for every measurable set A, x € T, and i < q. Then there exists for every
z,z €T a coupling Q. of p, and p, such that [ Lo, e Qa2 (dw, dw') < (1 — a) for
every 1 < q.

Proof. Define the transition kernels P, = (P, — aw;)/(1 — a) and
Qe.5)=a [ £ )+ (1= ) L [ 1) P de!) P, 2)
(1= a) L [ S0 Bo,di')
Then Q;(z, z, - ) is a coupling of P,(z, - ) and P,(z, - ). Now define

Qu,z(dwy, dwy, . . ., dwy, dw,) = Q1(z, 2, dwy, dw)) - -- Qq(wq,l,wéfl, dwg, dw)).

The result follows readily once we note that [ 1, Qz(x, z,dx’,d2') < (1 —a) 1y,
]
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We can now proceed to the proof of Theorem C.14.

Proof of Theorem C.1/. We begin by constructing a measure P that allows to de-
scribe the block filter 77 as a conditional distribution, as explained above. We fix the
initial condition o € X throughout the proof (the dependence of various quantities
on o is implicit).

To construct f’, define for K € X and n > 1 the function

hE (2, 29%) .= /ﬁzl(dw) H U (BN 2.

vEIK

Evidently hX is a transition density with respect to & pecox V' Let

ﬁn(maz) = H hf(%zal{) H pv(%zv)’

KeX veK\OK

and define P, u(d2’) := o(da') [ pn(x,2') p(dx). Then P,77_, = BP#?_, by construc-
tion for every n > 1, as 77_, is a product measure across blocks. Thus we have

77 =C,P---CPd,, 7y = CpPp - CiP16,.

In particular, the filter and the block filter satisfy the same recursion with different
transition densities p and p,. We can therefore interpret the block filter as the filter
corresponding to a time-inhomogeneous Markov chain with transition densities p,:
that is, if we set

P[(X1,.... X0 Y1,....Y,) € Al =

/ La(@i, s oy Y1, - - Yn) Pr(0, 1) Hﬁk(xk—h k) 9(k, yu) Y (dzy) p(dy)
k=2

(note that P? satisfies the same formula where py, is replaced by p), we can write
—P(X,c -n1,...,Y,).

Let us emphasize that the transition densities pj, and operators P, themselves de-

pend on the initial condition ¢, which is certainly not the case for the regular filter.

However, since o is fixed throughout the proof, this is irrelevant for our computations.
From now on we fix n > 1 in the remainder of the proof. Let

p=P7(Xy,.... X, € -V1,....Y,), p=P(X1,.... X, € -V1,....Y,).

Then p and p are probability measures on S = X", which is naturally indexed by the
set of sites I = {1,...,n} x V (the observation sequence on which we condition is
arbitrary and can be considered fixed throughout the proof). The proof now proceeds
by applying Theorem 6.4 to p,p, the main difficulty being the construction of a
coupled update rule.
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Fix ¢ > 1. We first specify the cover § = {J/ : 1 <1< [n/q],v € V'} as follows:
J={{l-1)g+1,...,lg An} x {v} for 1 <1< [n/q], veV.

We choose the natural local updates v} (dz”) = p(dz”|2"\) and 3] (d=”) = p(dz”|2"),
and postpone the construction of the coupled updates Qiz and Q7 to be done below.
Now note that the cover J is in fact a partition of I; thus Theorem 6.4 yields

HWZ - 7~1-ZHJ = Hp - /3||{n}><J <2 Z ZDij bj

ie{n}xJ jeI

provided that D = "2, C* < oo (cf. Corollary 6.8), where

Cij=  sup /1%7&% i(;)(dw,dw'), b; = sup/lw#w; Q7D (dw, du"),

x,z€S: z€S
2I\7} =1\ {5}

and where we write J(i) for the unique block J € g that contains ¢ € I. To put this
bound to good use, we must introduce coupled updates Q; , and Q7 and estimate Cj;
and b;.

Let us fix until further notice a block J = J7 € J. We will consider first the case
that 1 <1 < [n/q]; the cases [ = 1, [n/q] will follow subsequently using the identical
proof. Let s = (I — 1)q. Then we can compute explicitly the local update rule

vl (A) =

/ La(a?) p* (s, Toi) Hf?j:qurl 9" (x5, Yon) HwGN(’u) P (T, Tppy) ¥ (day,)
S (s, 2844) H:rj_:qurl 9 (xh,, Yor) HwGN(v) P (T Ty ) ¥V (dh,)

using Bayes’ formula, the definition of P? (in the same form as the above definition
of P), and that p*(z, 2%) depends only on 2V®). We now construct couplings Q7.
of 47 and «7 where z, 2 differ only at the site j = (k,w) € I. We distinguish the
following cases:

1. k=s, we Nw)\{v};

2. k=s,w=uw;

3. ke{s+1,....5+q} weUyenw Nw\{v};
4. k=s+q+ 1, we Nw)\{v}

5. k=s+qg+ 1, w=n.

It is easily verified by inspection that v does not depend on z¥ except in one of the
above cases. Thus when j satisfies none of the above conditions, we can set Cj; = 0
for i e J.
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Case 1. Note that
VI (A) >

f La(a?) ¢ (e, a2y ) TIn 2y 07 (80, Vi) Tlue oy P (T, @6 00) ¥ (dact,)
fq ms’ S-‘rl 'rrqu+lg ( m’Y’rZ) HweN(v)pw<xm7x1Tlr)L+l)wv(dx;)n)

)

and the right hand side does not depend on z¥ for w # v. Thus whenever z,z € S
satisfy /M7t = 21\U} for j = (s, w) with w € N(v)\{v}, we can construct a coupling
7, using Lemma C.15 such that Cy; < 1 — &2 for every i € J.
Case 2. Define the transition kernels on XV

Pk@(u},A)Z
S La(ap) p (way e TIE 07 (23, V) Tueney P (@ 2 0) ¥ (dat,)
S @ M a) TIE 07 (8, Vi) Tlaew o P (@, % 41) € (da,)

for k=s+1,...,s+q. By construction, Py, (z}_,dz}) = v/ (dap|avy,, ..., 2}_1), so
we are in the setting of Lemma C.16. Moreover, we can estimate

J La(zy) vajqu (z m’Ym>Hu)eN(v) P (T, Tyy) ¥ (day,)
J H?S?jqu e Yoh) HweN(v) P (T Ty 1) PV (d,)
where the right hand side does not depend on w. Thus whenever z,z € S satisfy
a\Ub = 2O for j = (s,v), we can construct a coupling @, using Lemma C.16

such that Cj; < (1 —&26?)"* for i = (k,v) withk=s+1,...,s+¢.
Case 3. Fixke {s+1,...,s+q} and u # v. Note that

kam(w, A) Z 82(52

Y

%{(A) > 62(A+1) %
f La(z?) p¥ (s, 2)4q) Hiqu-i-l 9" (x5, i) HwEN(v) B, Ty 1) ¥ (dzy,)
fp s, ‘rerl) Hf‘r:_qs—kl g ( Lo YT’;}L) HweN(v) 5%(%17 [L’%+1) W’(dﬂcfn)

where we set 8% (2, 210 ) = ¢¥(z, x% ) if either m =k or m =k — 1 and w = u,
and B (T, zi 1) = p* (2, 2., 1) otherwise. The right hand side of this expression
does not depend on ! as the terms ¢*(z;., x5 ;) for w # v cancel in the numerator
and denominator. Thus whenever z,z € S satisfy 2/\U} = 2\ for § = (K, u), we
can construct a coupling Q7 . using Lemma C.15 such that Cj; < 1 -2 for every
1€ J.

Case 4. Let u € N(v)\v. Note that

vi(A) >

f La(z?) p¥ (a3, wyy) er—:_qurl 9" (x5, Vo) HwGN(v) B @, T 1) ¥ ()
fp s+1 vaqu—&-l g ( m? Yr?z) HwGN(U) ﬁ%(mmﬁ $%+1) Q/JU(dZﬂ;)n) ,

where we set 8% (Tm, v, ) = ¢“(z%, 2% ) if m = s+ ¢ and w = u, and we set
B (Tm, 1) = P(Tm, zi ) otherwise. The right hand side does not depend on
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u u u u 3 3
x4 as the term ¢"(zY, , 2, 1) cancels in the numerator and denominator. Thus

whenever z,z € S satisfy #/\} = 2\ for j = (s 4+ ¢ + 1,u), we can construct a
coupling @ . using Lemma C.15 such that Cj; <1 — &* for every i € J.
Case 5. Define for k = s+ 1,...,s+ g the transition kernels on X"

B 1’( )
v k v v w w v v
f ]‘A k IS, s+1) Hm:s+1 g ( T Ym) HwEN(U) Bm,w ([Em, ‘rm—i-l) ¢ (d'rm)
k w v v
fp IS’ s+1 Hm:s+1 gU (xvm7 Y?’:}l) HwEN(U) ﬁ'rq)l’]l,,w (xm7 merl) ¢ (dxm)

bl

where we set By | (Zm, T y1) = p'(7p,w) if m =k and w = v, and B}, (zm, 750 1) =
P (Tm, T, ,) otherwise. By construction, Pyq(z},,dzy) = v (dag|zy,,, ..., xl,),
so we are in the setting of Lemma C.16. Moreover, we can estimate
Pio(w, A) > £26% x
v U v k v v v w w v v
f 1A(:L‘k)p (x87 xs—s—l) Hm:5+1 g (m'mﬂ Ym) HwEN(v) 6m<mm7 xm—i—l) ¢ (d‘rm)
U v k v v w w v v
fp (IS? Is—‘rl) Hm:5+1 g < m7 Ym) HweN(v) /Bm(xm, wm—i—l) ,QZ) (dmm)

Y

where B (xp, ) = 1if m = k and w = v, and B}y (Tm, Tjn ) = D" (Tm, Thn i)
otherwise. Note that the right hand side does not depend on w. Thus whenever
r,z € S satisfy 2\t = 2I\MJ} for j = (s 4+ ¢+ 1,v), we can construct a coupling
J . using Lemma C.16 such that Cj; < (1 —?02)"H9 ! for ¢ = (k,v) with k =
s+1,...,54+4q.
We have now constructed coupled updates Q‘] for every pair z, z € S that differ
only at one point. Collecting the above bounds on Cj;, we can estimate

i
Z eﬂ{\k*k’\+d(v7v’)}0(k’v)(k
(k' wel
< Qeﬁ(q+r)(1 — A + 66(q+2r)(1 — 82(A+1))A2q
+ eﬁ(kfs)(l i 8252)]678 + eﬁ(s+q+1fk)(1 . 82(52)s+q+17k
< 3qA2ePaF2) (1 — 2B B (1 — £26%) + (1 — £202)7 =

whenever (k,v) € J. In the last line, we have used that a®™! + %7 is a convex
function of z € [0,¢ — 1], and therefore attains its maximum on the endpoints x =
0, — 1.

Up to this point we have considered an arbitrary block J = J’ € J with 1 <[ <
[n/q]. It is however evident that the identical proof holds for the boundary blocks
[ = 1,[n/q], except that for [ = 1 we only need to consider Cases 3-5 above and
for | = [n/q] we only need to consider Cases 1-3 above. As all the estimates are
otherwise identical, the corresponding bounds on C;; are at most as large as those in
the case 1 <1 < [n/q]. Thus

||C||oo,6m = Irlléalxzeﬁm(ZJ)CU S c,

jeI
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where we define the metric m(i, j) = [k — K[ + d(v,v") for (k,v) € I and (k v') el

Our next order of business is to construct couplings QJ of v/ and 4/ and to
estimate the coefficients b;. To this end, let us first note that hX(z, 2%) depends
only on 2K where

K= | Nw)nK

weIK

is the subset of vertices in K that can interact with vertices outside K in two time
steps. It is easily seen that v/ = 47, and that we can therefore choose b; = 0 for
i € J, unless J = J’ with v € 9K for some K € XK. In the latter case we obtain by
Bayes’ formula

¥ (4) =
f ]‘A J fvqu g ( Yv) h’m—i—l (xm’ xg’bf—(i-l) HweN(v)ﬁK\aK pw (‘CEWL? I%—&-l) w(dllfj)
il H:qus g (. Yon) hm+1($m> ?n+1) HwEN(v)ﬂK\BK P (T, Ty py) Y (da)

for 1 <1< [n/q], where s = (I — 1)q and ¢(dz”) = @y, ) ¥" (dz}). Note that

H p¥(z,2") > P H g’ (", 2"),

weN (v)\(K\OK) weN (v)\(K\OK)
while
hE (2, 29%) > &8 H qw(xw,zw)/ﬁ;_l(dw) H P (BWw N 2w,
weN (v)NOK weOK\N (v)

We can therefore estimate v/ (A) > e2@+DAD(A) and 77 (A) > e2@+DAD(A) with

I'(A) =
J 1a(2?) f:qsg (@, Yin) B(h, 1) HwEN(v)ﬂK\aK P (T, Tpyir) Y (da)
fo;qsg (b, Yih) B(xh,, 27,40) HweN(y)mK\apr(xmax;Un—l-l) Y(dz’) ’

where 3(x,2) = ¢*(z,2) if v € 0K and B(z,2) = 1 if v € 9?K\OK. Thus we can
construct a coupling Q‘] using Lemma C.15 such that b; < 1—g2@+DA for all i € J in
the case 1 <1 < [n/q|. The same conclusion follows for [ = 1, (n/ q| by the identical
proof.

We are now ready to put everything together. As || - || gm is & matrix norm, we
have

oo
1
IDlsc,pm < Y NCIE g < 1o <o
k=0
Thus D < oo, to we can apply the comparison theorem. Moreover,

sup ) Diy = supe” "0 L M EIDy < e Do

ieJ jeJ ieJ jeg
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Thus we obtain
Img — 7ol < 20— 2002 3™ 3" Dy
ie{n}xJ je{l,..n}x?K

2 (1 — 2@tDAY card J ¢ PUIO°K),

1—c¢

<

But clearly d(J,0*°K) > d(J,0K) — r, and the proof is complete. O

Remark C.17. In the proof of Theorem C.14 (and similarly for Theorem C.20 below),
we apply the comparison theorem with a nonoverlapping cover {(I—1)q+1,...,lgAn},
[ < [n/q]. Working instead with overlapping blocks {s+1,...,s+q}, s < n—q would
give somewhat better estimates at the expense of even more tedious computations.

C.6.2 Bounding the variance

We now turn to the problem of bounding the variance term ||z — @Z|,. We will
follow the basic approach taken in Section 4.5.4 and Section A.G, where a detailed
discussion of the requisite ideas can be found. In this section we develop the necessary
changes to the proof in Section A.6.

At the heart of the proof of the variance bound lies a stability result for the block
filter, Proposition A.13. This result must be modified in the present setting to account
for the different assumptions on the spatial and temporal correlations. This will be

done next, using the generalized comparison Theorem 6.4 much as in the proof of
Theorem C.14.

Proposition C.18. Suppose there exist 0 < ,6 < 1 such that

eq"(x" “(x,2") < 7N (a", 2Y),

<p
< @(a?,2") <67t

z’)
)
for everyv € V and x,z € X, where ¢* : X” x XV — R, is a transition density with
respect to Y'. Suppose also that we can choose ¢ € N and B > 0 such that

¢ 1= 3qA%P1(1 — XAD) 4 F(1 — £26%) + P1(1 — £262)1

Then we have

o ~ ~ o 2
IFp - For1s = Fro - Fopidalls < card J ¢ 7"
—C

for everys <n,o,0 e X, K €X and J C K.

Proof. We fix throughout the proof n > 0, K € X, and J C K. We will also
assume for notational simplicity that s = 0. As Fj, differ for different & only by their
dependence on different observations Y}, and as the conclusion of the Proposition is
independent of the observations, the conclusion for s = 0 extends trivially to any
s < n.
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As in Theorem C.14, the idea behind the proof is to introduce a Markov random
field p of which the block filter is a marginal, followed by an application of the gener-
alized comparison theorem. Unfortunately, the construction in the proof of Theorem
(.14 is not appropriate in the present setting, as there all the local interactions de-
pend on the initial condition o. That was irrelevant in Theorem C.14 where the initial
condition was fixed, but is fatal in the present setting where we aim to understand
a perturbation to the initial condition. Instead, we will use a more elaborate con-
struction of p introduced in Section A.6, called the computation tree. We begin by
recalling this construction.

Define for K’ € K the block neighborhood N(K') := {K" € X : d(K', K") < r}
(we recall that card N(K') < Ag). We can evidently write

BYE, @ 1 = CEPE Q)
)

K//ej{ K//EN(K/
where we define for any probability 7 on X%’

K 1A Teg 90 (2%, YY) n(da™)
(€)= S Toex 97 (@, Y2) n(dak")

and for any probability n on XUs~enu) K"

PEmA) = [ 1) T 7 eeat) 0o n(d).
veK'
Iterating this identity yields
BAF, - Fid, =
ckpK ® {...ngpKQ ® [C{ﬁpKl ® 50}(0}...}
Kn_1€N(K) KieN(K2) KoeN(K1)

The nested products can be naturally viewed as defining a tree.
To formalize this idea, define the tree index set (we will write K, := K for
simplicity)

T:={[Ky - Ky1]:0<u<n, Kg€ N(Kgq) foru<s<n}uU{[a]}.

The root of the tree [@] represents the block K at time n, while [K, - K,_1] rep-
resents a duplicate of the block K, at time u that affects the root along the branch
K, — K, — - — K, 1 — K. The set of sites corresponding to the computation
tree is

I=A{[K,  Ky,aJv:[Ky, - K, €T, ve K,}U{[@v:ve K},

and the corresponding configuration space is S = [],, X? with XHv := X*. The
following tree notation will be used throughout the proof. Define for vertices of the
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tree T the depth d([K, - K, 1]) := u and d([@]) := n. For every site [tJv € I, we
define the associated vertex v(i) := v and depth d(i) := d([t]). Define also the sets
I.:={iel:d(i)>0}and Ty := {[t] € T : d(]t]) = 0} of non-leaf sites and leaf
vertices, respectively. Define

([Ky - Kpqv) = {[K, K, v : K, 1 € N(K,), v" € N(v)},

and similarly for ¢([@]v): that is, ¢(i) is the set of children of the site i € I in the
computation tree. Finally, we will frequently identify a tree vertex [K, -+ K,_1] € T
with the corresponding set of sites {[K, - K, 1]Jv : v € K,}, and analogously for
[2].

Having introduced the tree structure, we now define probability measures p, p on

S by
J1a(@) Ticr, 0 (@0, 2) g"O (2, YY) 0O (da’) T] e, Ot (dl)

p(A) = < 4 )
J Hie[+ P (e, Z)g @ (@, Y) O (da?) [ e, Sota (dal)
5(A) = J1a@) [ Lies : ”“( @) gD (2!, Y') " (da’) [T jger, 05 (dol)
J ier, p*® (2@, )9 O, Y?) 0@ (da’) [ yem, Oota (dald)
where we write g0 Kn-1l .= Ko and Y7 .= de(%) for simplicity. Then, by construc-

tion, the measure BEF, - - F1d, coincides with the marginal of p on the root of the
computation tree, while B¥ |~:n e ﬁlé,; coincides with the marginal of p on the root
of the tree: this is easily seen by expanding the above nested product identity. In
particular, we obtain

IFo- - Fidy = Fue Fidslls = llp = plliar,

and we aim to apply the comparison theorem to estimate this quantity.

The construction of the computation tree that we have just given is identical to the
construction in Section A.6. We deviate from the proof of Appendix A from this point
onward, since we must use Theorem 6.4 instead of the classical Dobrushin comparison
theorem to account for the distinction between temporal and spatial correlations in
the present setting.

Fix ¢ > 1. In analogy with the proof of Theorem C.14, we consider a cover J
consisting of blocks of sites i € I such that (I — 1)g < d(i) < lgAn and v(i) =v. In
the present setting, however, the same vertex v is duplicated many times in the tree,
so that we end up with many disconnected blocks of different lengths. To keep track
of these blocks, define

Iy:={iel:d(i) =0}, IL={iel:di)=(1-1)qg+1}
for 1 <1< [n/q], and let
U([Kyy o, Kpq]v) i=max{s >u: K, = K41 =+ = K}
We now define the cover J as
d={J:0<1<[n/ql, i€l},
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where
Jb = {i}, J =Ky KnaJv: (I —=1)g+1<u<IgAl()}

for i = [Ky—1)g+1- - KnaJv € [y and 1 <1 < [n/q]. It is easily seen that g is in fact
a partition of of the computation tree I into linear segments.

Having defined the cover J, we must now consider a suitable coupled update
rule. We will choose the natural local updates v/ (dz’) = p(dz’|#"\) and 7/ (dz’) =

A

p(dz"|2"\), with the coupled updates Q7. and Q7 to be constructed below. Then
Theorem 6.4 yields

o Fridy = Fue o Fidalls = llp = plligs <2 > ) Dijb;
ie(@)J jel
provided that D = "2, C* < oo (cf. Corollary 6.8), where
Cij=  sup /1%7&% Qgg)(dw,dw/), b; = sup/lwﬁgw; Q7D (dw, du"),
T,z€S: €S
SO G) ©

and where we write J(i) for the unique block J € J that contains i € I. To put this
bound to good use, we must introduce coupled updates Q;:”Z and @7 and estimate Cj;
and bj.
Let us fix until further notice a block J = J} € J with i = [K(l_l)qﬂ Ky v e

and 1 <1 < [n/q]. From the definition of p, we can compute explicitly

7 (A) =

JLa(@”) (@0, ) [aer, aneqaypo PO (@9, 1) Tle, 97 (2%, Y ) 0¥ (da”)

f pv(xc(i)7 IZ) Ha€I+:Jﬂc(a)7é® pv(a) (xc(a)7 ‘Ia) HbEJ gv ('Z'b’ Yb) ¢U(dxb)

using the Bayes formula. We now proceed to construct couplings Qiz of v/ and ~/
for x, z € S that differ only at the site 7 € I. We distinguish the following cases:

L. d(j) = (I = 1)g and v(j) # v;

2. d(j) = (I = 1)q and v(j) = v;
(l—1Dg+1<dy) <lgALi) and v(j) # v;
d(j) = lg A L(3) + 1 and v(j) # v;

d(7) =1lgNLl(i)+ 1 and v(j) = .

AR

It is easily seen that 77 does not depend on 27 except in one of the above cases. Thus
when j satisfies none of the above conditions, we can set C,; = 0 for a € J.
Case 1. In this case, we must have j € ¢(i) with v(j) # v. Note that

7 (A) >
52 f 1A($J) qv<xl_ 9 xl> Hael+:Jﬂc(a)7é® pv(a) ($C(a)7 xa) HbeJ gv (:Ebv Yb) wv(dl‘b)
f qv (:L.if ’ ZL'Z) HaGIJr:Jﬁc(a);é@ pv(a) (l-c(a)’ xa) HbGJ gv(xb7 Yb) ¢U(dl'b) )
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where we define i_ € ¢(i) to be the (unique) child of ¢ such that v(i_) = v(i). As the
right hand side does not depend on 27, we can construct a coupling Qiz using Lemma
C.15 such that C,; < 1 — &2 for every a € J and z, z € S such that x/\U} = 21\U},

Case 2. In this case we have j = i_. Let us write J = {i1,...,4,} where
u = card J and d(ix) = (I = 1)g+ k for k = 1,...,u. Thus i; = 4, and we define
ip = i_. Let us also write J = {ig,...,7,}. Then we can define the transition kernels
on X"

Pk,ac (w, A) =

f 1A ik p ((UQ? lik) k-1 ka> HJkﬂc (a)#£2 pv(a)< )Hbe]k ('Ib7 Yb) wv(d$b>

J pr (w1 @) [T 5 gy 20 PP (2 )Hbe]k o (2, Y?) v (da’)
for k =1,...,u. By construction, Py (%1, dz'*) = v (dz'* |2, ... z%-1) so we are
in the setting of Lemma C.16. Moreover, we can estimate
flA Hkac (a) ;é@p vle) ( )HbeJk ($b7yb) ¢v(d$b)

Pk,x(waA) Z 2 2

fHJkﬁca 4o P’ (@) (ela), )Hbejkg (z,Y) v (dz®)

Thus whenever z, z € S satisfy 2/\U} = 2/\M3}| we can construct a coupling inz using
Lemma C.16 such that C;,; < (1 —£26?)* for every k =1,...,u.

Case 3. In this case we have j € U,cr, . jreqa)zo c(@) or J Nc(j) # @, with
v(j) # v. Let us note for future reference that there are at most gA? such sites j.
Now note that

o (A) > €2<A+1) X
AP0 Tt o P, 2%) T 9,1 040
fp ) et sne(aype B (@@, 2) [Tye s g7 (b, YP) o (da?)

where we have defined 8%(2¢% 2%) = ¢"® (2%, 2%) whenever j = a or j € c(a), and
(x4, %) = p¥(@(24) 1) otherwise. The right hand side of this expression does
not depend on 27 as the terms ¢"® (2%, %) for v(a) # v cancel in the numerator
and denominator. Thus whenever z, z € S satisfy 2!\ = 2/\M3} we can construct a
coupling Qiz using Lemma C.15 such that Cp; <1 — 2AA+1) for every a € J.

Case 4. In this case J N¢(j) # @ with v(j) # v. Note that

72 (A) Z
f 1a(z?) p¥( el , ") Haef+ JNec(a) £ B (z «(a) , %) HbeJ gv(xb Yb) ¢U(dxb)
fp ) et ameqayze B4 (2@, 29) [Ty g° (22, YP) Yo (da®) 7

where 3%(x%®) z%) = ¢ (2%~ 2%) when j = a, and (2%, z%) = p*@ (29 1)
otherwise. The right hand side does not depend on 27 as the term ¢*) (27~ 27) cancels
in the numerator and denominator. Thus whenever z,z € S satisfy #/\U} = 2\,
we can construct a coupling @7 , using Lemma C.15 such that C,; < 1 — & for every
acJ.
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Case 5. In this case we have j_ € J. Note that the existence of such j necessarily
implies that £(¢) > lq by the definition of J. We can therefore write J = {iy,...,4,}
where d(ix) =lg—k+1for k=1,..., ¢, and we define igp = j. Let us also define the
sets Jj, = {ik,...,i,}. Then we can define the transition kernels on X"

P;w(w, A) =
L) 50,0 T, o P ) T, V) ()
fp Ic (ia) s q HaEI+:jkﬂc(a)7é® ﬁg) (xc(a), :L:a) Hbejk gv(‘rb’ Yb) ¢U(d$b)
for k = 1,...,q, where B (2% 29) = p*(2°?,w) if a = 4,_; and B%(z°@ , " @) =

pU@ (24 29) otherwise. By construction Py, (x%-1, da'*) = ~/(da®|z%, ... at-1),
so we are in the setting of Lemma C.16. Moreover, we can estimate

Pk@(w,A) 2 8252 X
f 1A ik pv< e(ia) xiq) HGEI+:jkﬂc(a)76® Ba(xc(a)7 l,a) Hbejk g" (xba Yb) wv(dxb)
[ p¥(xelia) | zia) Ha€I+:jkﬂc(a)7é® Be(zela) | o) Hbejk g° (b, Yb) opv(dab) ’

where 3%(2%%) 2%) = 1 if a = ix_; and B*(z°@, 2?) = p*(@ (2% %) otherwise. Thus
whenever z,z € S satisfy #/\U} = 2"Mi} we can construct a coupling Qiz using
Lemma C.16 such that C;,; < (1 — &26%)* for every k= 1,...,q.

We have now constructed coupled updates Qiz for every pair z, z € S that differ
only at one point. Collecting the above bounds on the matrix C', we can estimate

Z eﬁ‘d(“)_d(j”C’aj < 3qA%ePI(1 — 52(A+1)) + P (1 — £26%) 4+ P11 — £26%) =: ¢

jel

whenever a € J, where we have used the convexity of the function a®*! 4 a4=%,

Up to this point we have considered an arbitrary block J = Jf cedJwithl1 <l <
[n/q]. However, in the remaining case [ = 0 it is easily seen that v/ = §,s does not
depend on z, so we can evidently set Cy; = 0 for a € J. Thus we have shown that

._ Bm(i,j
1Cllo.8m = rrilealsze;e ( )C’ij <e,
where we define the pseudometric m(i, j) = |d(i) — d(j)|. On the other hand, in the
present setting it is evident that v/ = 57 whenever J = Ji € § with 1 <1 < [n/q].
We can therefore choose couplings Qi such that b; < 144:)—0 for all 7 € I. Substituting
into the comparison theorem and arguing as in the proof of Theorem C.14 yields the
estimate

~ ~ o ~ 2
|Fr- - Fide = Fp---Fids]ls < card J e A"
—c

Thus the proof is complete. n

Proposition C.18 provides control of the block filter as a function of time but not
as a function of the initial conditions. The dependence on the initial conditions can
however be incorporated a posteriori as in the proof of Proposition A.15. This yields
the following result, which forms the basis for the proof of Theorem C.20 below.
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Corollary C.19 (Block filter stability). Suppose there exist 0 < e,5 < 1 such that
€qv<xv>zv) S pv(x,zv) S gflqv(xv,zv)’
§<q'(z¥,2") <!

for everyv € V and x,z € X, where ¢* : X” x XV = R, is a transition density with
respect to Y°. Suppose also that we can choose ¢ € N and B > 0 such that

¢ = 3qA%M(1 — 23TY) 4 (1 — £26%) + eP(1 - £26%)7 < 1.

Let p and v be (possibly random) probability measures on X of the form
@ @
KeX KeX

Then we have

as well as

E[Hl:_'n e ﬁs-&-lﬂ“ - IEn Tt I’Es—i-17/||2‘]]1/2
< 2 1
1 —c (g0)Klee

B A \n—s K K)211/2
card J (e " Ax) Tlrflgg)gE[Hﬂ 2

for every s <n, K € X and J C K.
Proof. The proof is a direct adaptation of the proof of Proposition A.15. n

The block filter stability result in Appendix A is the only place in the proof of
the variance bound where the inadequacy of the classical comparison theorem plays
a role. Having exploited the generalized comparison Theorem 6.4 to extend the
stability results in Appendix A to the present setting, we would therefore expect that
the remainder of the proof of the variance bound follows verbatim from Appendix
A. Unfortunately, however, there is a complication: the result of Corollary C.19
is not as powerful as the corresponding result in Appendix A. Note that the first
(uniform) bound in Corollary C.19 decays exponentially in time n, but the second
(initial condition dependent) bound only decays in n if it happens to be the case
that e Ay < 1. As in Appendix A both the spatial and temporal interactions were
assumed to be sufficiently weak, we could assume that the latter was always the case.
In the present setting, however, it is possible that e ?Ag > 1 no matter how weak
are the spatial correlations.

To surmount this problem, we will use a slightly different error decomposition than
was used in Appendix A to complete the proof of the variance bound. The present
approach is inspired by [15]. The price we pay is that the variance bound scales in the
number of samples as N7 where v may be less than the optimal (by the central limit

theorem) rate % It is likely that a more sophisticated method of proof would yield
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the optimal NV 3 rate in the variance bound. However, let us note that in order to put
the block particle filter to good use we must optimize over the size of the blocks in X,
and optimizing the error bound in Theorem 6.13 yields at best a rate of order N=¢
for some constant o depending on the constants (31, f2. As the proof of Theorem 6.13
is not expected to yield realistic values for the constants i, 2, the suboptimality of
the variance rate v does not significantly alter the practical conclusions that can be
drawn from Theorem 6.13.

We now proceed to the variance bound. The following is the main result of this
section.

Theorem C.20 (Variance term). Suppose there exist 0 < ,6,k < 1 such that
eq”(x",2") < p*(x,2") < e ¢"(2",2"),
§<q'(2¥,2") <!
k< g2 y") <k -t

foreveryv eV, z,z € X, andy € Y, where ¢° : X" x X" — R is a transition density
with respect to Y°. Suppose also that we can choose ¢ € N and 3 > 0 such that
¢ = 3qA%P(1 — 2ADY L P (1 — £26%) 4 711 — 26%)1 < 1
Then for everyn >0, 0 € X, K € X and J C K, the following hold:
1. If e PAg < 1, we have

32A% 2 — e PA A5 41K oo
|75 — 72|, < card J S-—x ¢ Ay (0K >1 '
l—c1- ei'BA(K N2

2. If e PAg =1, we have

3+logN

I = 75l < card s =

1637 1A
—616_ T

3. If e BAg > 1, we have

32A 1 kA% ) 4Kl
17y — 7ol < cardJ X { + 2} (cor >5 .
—c e PAx —1 N Zlos A%

The proof of Theorem C.20 combines the stability bounds of Corollary C.19 and
one-step bounds on the sampling error, Lemma A.17 and Proposition A.20, that can
be used verbatim in the present setting. We recall the latter here for the reader’s
convenience.

Proposition C.21 (Sampling error). Suppose there exist 0 < £,6,k < 1 such that

eq’(z?,2") < p’(x,2") <e ~1q Y(x?, 2Y),
§ < q(z¥,2") <6,
k< g'(x%y") <K
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foreveryv eV, x,z€ X, andy € Y. Then we have

2/4:_2|:K|oo

N3

max [Py — Fufiy I <

and

N C A0 C AN 16AK(65>_2|K|WH_4‘3<‘OOAK
max B[|[FoForly — Fonfur? 132 < N3

for every 0 < s <n and o € X.
Proof. Immediate from Lemma A.17 and Proposition A.20 upon replacing € by 6. [
We can now prove Theorem C.20.

Proof of Theorem C.20. We fix for the time being an integer ¢ > 1 (we will optimize
over t at the end of the proof). We argue differently when n < ¢ and when n > t.
Suppose first that n < ¢. In this case, we estimate

77 =7l = IFn - Fide — Fu- - FiGo
n

< P FrpaFiaf = Foe o PP |l
k=1

using a telescoping sum and the triangle inequality. The term k& = n in the sum
is estimated by the first bound in Proposition C.21, while the remaining terms are
estimated by the second bound of Corollary C.19 and Proposition C.21, respectively.
This yields

77 = zll; < card J

320y (e0kA%) =Ko (=B AT — 1 1
1—c¢ N 6*5A9< —1

N|=

(in the case e #Ag = 1, the quantity between the brackets { - } equals n).
Now suppose that n > t. Then we decompose the error as

75 = a7l < WFw- - Facenndin_y = Fu- - Facenndin il

n
+ > P Frp Aty = B PPl |l ),
k=n—t+1

that is, we develop the telescoping sum for ¢ steps only. The first term is estimated
by the first bound in Corollary C.19, while the sum is estimated as in the case n <.
This yields

77 =2l <

card J g st 32Ax(£0K2%) "l (e Ag) 1 — 1 +1
1—c¢ N 6_'8Ag< -1

N

(in the case e Ay = 1, the quantity between the brackets { - } equals ).
We now consider separately the three cases in the statement of the Theorem.

195



Case 1. In this case we choose t = n, and note that

(6_’8Ag<>n_1 -1 1< 2 — e_BAj{

————— foralln > 1.
67'3Ag<—1 _1—6*/3A:K oratin =

Thus the result follows from the first bound above.
Case 2. In this case we have

card J

—C

77 =2l <

N|=

{26_& N 32A g (e5kAx) 4Kl t}

N
for all t,n > 1. Now choose t = [(283) ' log N|. Then

card J

—C

70 = 7l <

AIK _4|j<|oo
[166‘1Ag<(55ﬁA9<)_4|K|°° logi\f N 34Aq(edK5%) ]’

N2 N

=

which readily yields the desired bound.
Case 3. In this case we have

card J T 32Ax (e6k2%) MWKl (e BAL)T — 1 .
1—c¢ N 6_'8A5< -1

70 = 72l <

[NIE

for all ¢,n > 1. Now choose t = [Q}EEXJ' Then

?

32A 1 S rAK) =4Il
7 — 2], < card J S28% bl B
I1—c |lePAx—1 N Tl ax

and the proof is complete.

]

The conclusion of Theorem 6.13 now follows readily from Theorems C.14 and C.20.
We must only check that the assumptions Theorems C.14 and C.20 are satisfied. The
assumption of Theorem C.14 is slightly stronger than that of Theorem C.20, so it
suffices to consider the former. To this end, fix 0 < § < 1, and choose ¢ € N such

that
1—0%+(1-0%)7<1.

Then we may evidently choose 0 < gy < 1, depending on ¢ and A only, such that

3gA%(1 — 2AH)) 11 — %2 + (1 — 2077 < 1

for all ¢ < e < 1. This is the constant ¢y that appears in the statement of Theorem
6.13. Finally, it is now clear that we can choose § > 0 sufficiently close to zero
(depending on d,¢e,r, A only) such that ¢ < 1. Thus the proof of Theorem 6.13 is

complete.
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Appendix D

Nonlinear filtering in infinite
dimension: proofs

This appendix is devoted to the proof of Theorem 7.7. The proof relies on standard
tools from statistical mechanics [7, 27]: a Peierls argument for the low noise regime
and a Dobrushin contraction method for the high noise regime.

D.1 Proof of Theorem 7.7: low noise

We begin by noting that as (X}, Y")kvez and (—X7, Y)Y )kvez have the same law, it
follows that E(XP|Y1,...,Y:) = E(—X}|Y1,...,Ys), and we therefore have

E(XV|Yi,...,Y,) =0 forall k> 1.
To prove that the filter is not stable, it therefore suffices to show that
liggflE\E(X,8|Xo,Y1,...,Yk)| > 0.
To show this, we begin by reducing the problem to finite dimension.
Lemma D.1. Suppose that 0 < p < 1/2. Then
E(X2 X0, Y1, ... Vi, {XV, ... XY v >m}) =25 EB(X) X, Vs, ..., V%) as.
Proof. Let § := log \/m > (0. We begin by noting that
PV, = y|Xo,..., Xy) = V/p(l = p) X5
for 1 <¢ <k andy € {—1,1}. Define the probability measure Q such that

k
P(A) =Eq (1A H4p(1 —p) SV XX eﬂ@‘m‘lx,;m—lxg—m).
=1
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Then under Q, the observations }A/[” and }A/[mfl, 1 < ¢ < k are symmetric Bernoulli
and independent from all the remaining variables in the model, while the remainder
of the model is the same as defined above. In particular, this implies that

{X§, X7, Y 1<t <k/u>m} L{X5,X, Y :1<l<kEk/v] <m} under Q.
We therefore obtain using the Bayes formula (Theorem 2.7)
P(A[Xo, Y1, ..., Yi {X{, X} o] > m}) =
Eq(1afg X0, Y1, ., Vi, {XV, .., XYt o] > m})
Eq(4G!X0, Y1, Vi, {X}, ..., XY o Jo| > m})
> e P QIAIX), Y1, Y {XTL L XY s v > m))
= eiémk Q(A’X[)a va s 7Yk)

for any A € o{Xo, Y1,..., Y, X7, ..., X} [v] <m}.

Define Z° := (X7,..., X)) and Z7™ := (X", ..., X", X7 ™, .., X ™) form > 1.
Due to the conditional independence structure of the infinite-dimensional filtering
model,

E(f(Z7™)|Xo,Y1,..., Y5, Z7™ 1 272 ) = EB(f(Z7™)| X0, Y1, ..., Vi, 277

for every m > 0. Thus (Z™)n<o is a Markov chain under any regular version of
the conditional distribution P(-|Xy,Y7,...,Ys) (almost surely with respect to the

realization of X, Y], ..., Y)). Moreover, the above estimate shows that the (random)
transition kernels of this Markov chain satisfy the Doeblin condition [38, Theorem
16.2.4], so

‘E<X2|XO7}/17 coy Y, {va s 7Xl’: : |U| > m}) - E(X£|X0’}/17 s 7Yk)|
S 2(1 o e—4ﬁk)m+1

for all m > 0. This completes the proof. O

Lemma D.1 reduces our problem to a finite-dimensional one. Indeed, it is clear
that the filter is not stable for p = 0 (for precisely the same reason as in Example
7.1), so we will assume without loss of generality in the sequel that 0 < p < 1/2.
Applying Lemma D.1, it follows that in order to prove that the filter is not stable, it
suffices to show that

k1££1E IE(XP| X0, Y1, .., Vi, { XV, ..., X}« [v] >m})| > 0.
But the conditional independence structure of the infinite-dimensional filtering model
implies that the conditional expectation inside this expression depends only on X}
and Y)Y for 0 < ¢ < k and |v] < m + 1. We are thus faced with the problem of
obtaining a lower bound on this finite-dimensional quantity that is uniform in &, m.

To lighten the notation, it will be convenient to view (X})rvez not as a sequence
of spatial random fields on Z, but rather as a single space-time random field on Z2.
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To this end, we will write X? := X} for ¢ = (k,v) € Z*. We will similarly write
Y =YY and {7 := £V if g = (k — 1,v) and r = (k,v), and Y := Y? and £ = &}
if ¢ = (k,v) and r = (k,v 4+ 1) (the order of the indices ¢, is irrelevant, that is,
Y9 := Y7 etc.) In this manner, we can view X = (X9),cz2 as a random field on the
lattice Z?, with observations Y attached to each edge {q,r} C Z? with ||[¢ —r| = 1.

Lemma D.2. Suppose that 0 < p < 1/2, and let k,m > 1. Define the quantities

B :=log+/(1—p)/p, J:=[1,k] x[—m,m], and 0J := {0} x [-m, m]U[1, k] x {—m —

L,m+ 1}. For any given configuration x € {—1, 1}22, we define the random measure
Y on {-1,1}7 as

Yr({z}) = %exp (5{ Z EMada" 22" + Z fqrxqzq})

{ar}CTillg—r|=1 q€Jr€dJ:|lg—r|=1
where Z is the normalization such that ¥X*(J) = 1. Then
E((X9,es € Al X0, Y1, .., Vi, {XV, .., X7 ] > m}) = 2X(A).
Proof. By the conditional independence structure of the filtering model, we have

E((XV)yes € AlXoVis. o, Yo (XVso o XD o] > m)) =
E<<Xq)q€J € A’(Xq)qewa (qu)qGJﬂ"GJUaJ,Hq*TH=1)-

The joint distribution of the random variables that appear in this expression is

P((Xq)quuE)J =z, (qu)qu,TEJUQJ,||q7r||:1 — y) — 9~ 1JWdJl

[ vVei-ne [ Ve per

{q,r}CJ:||g—r|=1 q€J,redJ:||g—r|=1

where |A| denotes the cardinality of a set A. The result now follows readily from the
Bayes formula (Theorem 2.7) and the fact that Y7 = X9X"¢% by construction. [

Lemma D.2 shows that the distribution P(-|Xo, Y1,..., Y, {X},..., X} : Jv| >
m}) has a familiar form in statistical mechanics: it is (up to the change of variables or
gauge transformation 07 = x9z%) an Ising model with random interactions, also known
as a random bond Ising model or an Ising spin glass, with inverse temperature § =
log v/(1 —p)/p. The failure of stability of the filter for large 5 can now be addressed
using a standard method in statistical mechanics [7, section 6.4]. For concreteness,
we include the requisite arguments in the present setting, which completes the proof.

Proposition D.3. There exists an absolute constant 0 < p, < 1/2 such that

B [E(X|X0, Vi, ., Yoo {X{ oo, XL < [o] > m})| >

AT,

for every k,m > 1 whenever 0 < p < p;.
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Proof. Let us fix k,m > 1 throughout the proof, and define 0 := (k,0) € J. We will
prove below the following claim: there exists an absolute constant 0 < p, < 1/2 such
that

P<Zx({z 020 =20 > 2) > %

whenever 0 < p < p,: that is, when the noise is sufficiently small, the conditional
distribution P(XP € -|Xo,Y1,..., Vi, {X},..., X} : [v]| > m}) assigns a large proba-
bility to the actually realized value of X} at least half of the time (recall Lemma D.2).
Let us complete the proof assuming this claim. Note that ¥X*({z : 2° = 2°}) > 3/4
implies |X%({z : 20 =1}) — X*({z: 2° = —1})| > 1/2. Thus the above claim implies
that

P(\E(X,S\Xo,Yl,...,Yk,{Xf,...,X]; ol > m})| = %’XO,...,Xk) > %
where we have used Lemma D.2 and the fact that {X9} and {{?"} are independent.
The proof is now completed by a straightforward estimate.

It remains to prove the above claim. To this end, we use a Peierls argument. Fix
for the time being a configuration z € {—1,1}”. For any J' C J, define the boundary
edges

¢ ={{gr}:qc T, re(J\J)UI, ||¢g—r| =1}

A subset J' C J is called a contour if it is simply connected, 2?7 = —z9 for all
{¢,r} € €J' with ¢ € J', and 2" = 2" if in addition r € J\J'. We will denote the
set of contours as €, , (note that the definition of a contour depends on the given
configurations z and z). If 2° = —2°, then there must exist a contour J' € €, , such
that 0 € J': indeed, construct J' by choosing the maximal connected subset of .J
such that 0 € J' and 27 = —29 for all ¢ € J', and then “fill in the holes” to make J’
simply connected. Thus

S{z: %= =2 <¥({z: 3T €€y, 0€TH) <D V({20 €€,
J'30
Now note that, by the definition of a contour, z929 = —1 whenever {¢,r} € €J' with
g € J', and 2927292 = —1 if in addition r € J\J'. Thus the existence of a contour
implies the presence of many such edges. The basic idea of the proof is that the

probability that this occurs is small under X* due to Lemma D.2. Let us make this
precise.

Lemma D.4. For any J' C J, we have
Y{z:J €e€..}) <exp ( —2p Z 5‘1’”).
{q,r}e&J’

Proof. Assume without loss of generality that J' is simply connected. Let us use for
simplicity the convention that z” = x" for r € 0.J. Define the events

A={z:27=—2%and 2" = 2" for {¢q,r} € €J', ¢ € J'},
B={z:22=z2%and 2" = 2" for {¢,r} € &J, ¢ J'}.
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Then we evidently have by Lemma D.2

T({: € €)= D) €

An elementary computation shows that

24 = exp ( — 26 Z fqr) 2- L) el Z{q,r}QJ/:IquTH:l S

ZJJ(B) {q,r}eet’ Zz 1B(z) eXp(/B Z{q,r}Q]’:Hq—r”:l éq’l"quTZqZT> '

But the ratio in this expression is unity, as the exponential term inside the sums is
invariant under the transformation z? — —2z? for all ¢ € J’. The proof is complete. [

Lemma D .4 allows us to estimate

P (Ex({z 2% = -2 > Z eﬁlﬁf’>

J'50 simply connected

(x wlve s

J’50 simp. conn. {g.r}eer J’50 simp. conn.

IN

¢J
<P (EI J' 3 0 simply connected with Z £ < | 5 |>
{q,r}eeJ’

IN

> oy e<l)

J’50 simply connected {gricer
Using a standard combinatorial result [27, Lemma 6.13]
|{J" C J simply connected : 0 € J', |&J| =1} <137,
as well as the simple bound
P( d o< M) = P(Bin(yej’y, 1—p) < ig/\) < olerlyles/a
{gryces 2 4

we can conclude that

0 /2 0
p (Ez({z 20 = 2% > q) < ¢y, 01:2131—1 (L) 7 0222131—121171/4'
1=3 1=3

1—p

But we can now evidently choose p, > 0 sufficiently small such that ¢; < 1/4 and
¢y < 1/2 whenever p < p,, which readily yields the desired estimate. O
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D.2 Proof of Theorem 7.7: high noise

We now turn to proving that the filter is stable when the noise is strong. We begin by
noting that it suffices to prove stability of finite-dimensional marginals of the filter.

Lemma D.5. Suppose that
EE(f(X;™, ..., X[ X0, Ya, .. ) —EB(F(X;™ ., XV, . Ya)| 22250
for every function f and every m > 1. Then the filter is stable.
Proof. Fix any measurable subset A of {—1,1}% and define
Foo= fu(X5™, .., X)) =P (Xo € A1 Xo™, ..., XJ).
We can estimate
E|P(Xy € A|Xo, Y1,...,Ys) — P(Xy € A|Y1, ..., Y
S2E|fn(Xp™, - X = 1a(X)]
+E|E(fn (X, ™, ..., X)) X0, Y1, .., Ye) —E(fn (X", XY, Y]
By stationarity the first term does not depend on k, and the assumption gives

limsup E [P(Xy € A|X, Vi,..., Vi) — P(X¢ € AYi....,Yi)| < 2B|F — 14(Xo)).

k—o0

Letting m — oo and using the martingale convergence theorem concludes the proof.

[]

We will in fact prove a much stronger pathwise bound than is required by the
above lemma. The basic tool we will use for this purpose is the Dobrushin comparison
theorem (Theorem 2.11), which we state here in a convenient form.

Theorem D.6 (Dobrushin comparison theorem). Let u and v be probability measures
on {—1,1} for some countable set I, and choose measurable functions mg,n; such
that

mi(X) = p(X = 1{XT £ 1)), ma(X) = w(X = 1{XT £ i}).
Define

b= sp ) ~ne)l, o= sup () —my(2)]

and assume that

sup Z Cji < 1.

J€l et

Then D := 3>  C™ exists (in the sense of matriz algebra), and

uf—vfl < ZZDjibi

jeJ el
whenever J is a finite set, f(x) depends only on {x? :j € J}, and 0 < f < 1.
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We will apply this result pathwise to compare the filters with and without con-
ditioning on the initial condition. To this end, we must compute the quantities that
arise in the Dobrushin comparison theorem for suitably chosen regular conditional
probabilities.

Lemma D.7. Fix any version of the regular conditional probabilities
HX)Y ‘= P(XQ,...,Xk SH |X0,}/1,...,Yk), Vy ‘= P(Xo,...,Xk SHE |}/1,,Yk)

Then there is a set A with P((X,Y) € A) =1 such that for every (z,y) € A

pay (X7 = T{X}": (r,w) # (60)}) = 1y (X7 = T{XY - (rw) # (60)}) =

65{173)(2]71‘*'@2)(;“+?7?+1X2j+1+@2}_1X;_1}

- N T - =1 o - N T o1 o1
eﬁ{yé’XéLﬁyZXZ* T Xt Xy 1}+e*5{szél1+ny;+ FUa Xt XT)

for1 <l <k andv € Z,

pay (X5, = T{X : (rw) # (K, 0)}) = vy (X = T{X = (rw) # (K, 0)}) =

HIRX_+I X T X

PN I X )T XY L Bl X X T X

forv e Z, and . (X5 = 1) = 1u—y for v € Z, where 8 :=log+/(1 —p)/p.
Proof. Tt is an elementary fact that (we use the notation Y;, =Y3,...,Y})
pxy (X = 1{X 1 (rw) # (Go)}) = P(XY = 1 Xo, Yo, { X771 (r,w) # (G v)}),
v (X} = T{XE s (rw) # (6,0)}) = P(X} = 1Yi X7 : (r,w) £ (6,0)}),

see [03, p. 95-96] or [52, Lemma 3.4]. That each statement in the Lemma holds
for P-a.e. (z,y) can therefore be read off from Lemma D.2. As there are countably
many statements, they can be assumed to hold simultaneously on a set A of unit
measure. [

We can now complete the proof of filter stability for p > p*.
Proposition D.8. There exists an absolute constant 0 < p* < 1/2 such that
E(f(X. ™, ..., X)X, Ya, ... ) —E(f(X,™, ..., XY, .., Y5
< (8m A+ 4)|| flloce™
a.s. for every k,m > 1 and function f whenever p* <p <1/2.

Proof. We apply Theorem D.6 with I = {0,...,k} X Z and pt = pipy, v = v, as
defined in Lemma D.7. Evidently b,y < 1 and by, = 0for 1 </ < kand v € Z, so
we have

|y (F (X, X00) = vy (F(X™ - X)) < 2] flloo Z ZD(k,w)(o,u)

w=—m vEZL
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by Theorem D.6 provided that the condition on the matrix C' is satisfied.
We proceed to estimate the matrix C' using Lemma D.7. Evidently

Clwwyewy =0 if =0 or [ =+ —v|>1 or £=0 v="1

On the other hand, note that by Lemma D.7

48 eds
4B | o4 < pay (X7 = 1{X): (r,w) # (L v)}) < 4B 1 4B’
so we can estimate

Cj; <tanh(4p8) <1 foralli,je I
It follows readily that
IC|l« == supz =y, < detanh(4p).
jEI

el

We can now evidently choose 0 < p* < 1/2 such that 4etanh(45) < 1/2 for p* < p <
1/2. Then the condition of Theorem D.6 is satisfied. Moreover, as || - ||« is a matrix
norm

1Dl <> e < 2.
n=0
Thus we obtain

|Mm7y(f(XI:m7 c 7Xlgn)) - yy(f(XI:ma' . 7Xlgn)>’
< @m+2)|flloe ™ max Y el®emOMIpg g,

m
W=—m,...,
VEZL

< (4m + 2)[[DI ] flloce™ < 8m+ )| flloce™.

As our estimates are valid for P-a.e. (z,y), the proof is complete. n
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